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I. Introduction  

1. Overview  

Due to benefits around convenience, patient compliance and cost-effectiveness, the oral drug delivery 

route is by far the most favored for administration of medications (Krishnaiah, et al. 2010). For an orally 

delivered drug to exert its biological effect, it must first pass through the gastrointestinal tract (GI-tract) 

and into the systemic circulation. Therefore, the pharmacological effect of an orally delivered drug is 

related to its bioavailability, the percentage of the administered amount of drug reaching systemic 

circulation. The bioavailability of a drug is related to its ability to cross the barriers from the GI-tract, 

particularly passage from the GI milieu via the intestinal membrane (Zheng, et al. 2010). To achieve this, a 

drug must be sufficiently soluble in the fluids of the GI-tract and permeable to the cell membrane of the 

intestine. It is on these two parameters that the Biopharmaceutics Classification System (BCS) is based, 

which groups drugs into classes based on solubility and permeability (Amidon, et al.  1995).   

In order to develop a framework for understanding the molecular properties that demonstrate a 

bioavailability risk, Lipinski proposed his ‘rules of five (Lipinski, et al.  2000). These rules propose that, for 

good oral bioavailability, a drug must have no more than five hydrogen bond donors and not more than 

10 hydrogen bond acceptors, a molecular weight less than 500 Da and a log P of less than 5. Over the 

years, there has been an exponential increase in compounds not passing the rule of 5, with poor 

physicochemical properties becoming more common (Gardner, et al. 2004). As a result, there is a higher 

incidence of drugs with low solubility in compound development pipelines, resulting in reduced 

bioavailability. Such low bioavailability significantly increases the risk of drug attrition, representing a loss 

in both therapeutic and economic potential. For example, although it is reported that 60 % of approved 

drugs are poorly soluble, it is hypothesized that up to 90 % of candidates in the development pipeline will 

fall under this category (Taylor, et al. 2016). This highlights the big challenge of poor drug solubility to the 

pharmaceutical industry and demonstrates the importance of avoiding the low bioavailability risks 
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associated with poor aqueous solubility. In response, chemists and formulation scientists have developed 

a toolkit of strategies that can improve the solubility and subsequent bioavailability of these poorly soluble 

candidates. These approaches include chemical modifications that can be incorporated into synthesis such 

as salt formation and prodrugs; or formulation modification approaches such as micelle systems, co-

solvents, particle size reduction, complexation and amorphous technologies (Timpe, et al.  2007). 

Amorphous formulations are especially appealing due to the significant improvement in solubility the 

amorphous form can provide (Timpe, et al. 2007). By definition, an amorphous solid does not have a long-

range order. This is in contrast to a crystalline solid. The absence of long-range order leads to a less dense 

packing of molecules in an amorphous, solid-state form and decreased intermolecular interaction (Leuner, 

et al.  2000). Due to this, amorphous solids tend to have substantially higher solubilities than their 

crystalline counterparts. However, amorphous solids are usually physically unstable or metastable due to 

the high energy associated with this solid-state form. Re-crystallization can drive an amorphous solid-state 

form to decrease its energy. Due to this tendency, it is unusual for a drug candidate to be used as a pure 

amorphous solid (Timpe, et al. 2007). Instead, formulation scientists can modify and stabilize the solid-

state form of the poorly soluble drug molecule using various approaches. Most common amongst these 

approaches involve immobilizing the drug in the amorphous form in a polymeric matrix (Chokshi, et al. 

2007). The two main methods to produce such polymeric amorphous solid dispersions are hot melt 

extrusion and spray drying.   

One under-utilized route to amorphous solids is the use of mesoporous materials as drug carriers. A 

mesoporous material is defined by the International Union of Applied and Pure Chemists (IUPAC) as “any 

material containing pores of dimensions between 2 and 50nm” (McCarthy, et al. 2016). In recent years, 

mesoporous silica has emerged as a novel formulation option for stabilization and deliver of amorphous 

molecules. Mesoporous silica is a silicon dioxide excipient that possesses a highly porous network. Upon 

impregnation of the silica with a concentrated drug solution, the drug can be molecularly adsorbed onto 
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the surface of the silica. Due to the size of the pores, which have an approximate mean diameter of 6 nm, 

the molecularly adsorbed molecule is locally and sterically confined, preventing recrystallization (Ditzinger, 

2018). Upon administration of mesoporous silica formulations to the body, there is a displacement of 

individual drug molecules from the surface of the silica into solution, which generates supersaturation 

with regards to the crystalline drug. Mesoporous silica is therefore an example of a supersaturating 

formulation. As the supersaturated solution in GI-fluids usually is not stable, it requires incorporation of a 

precipitation inhibitor to sustain the supersaturated concentrations for physiologically relevant timescales 

(Guzman, et al. 2007). 

The combination of supersaturating formulation technology with a precipitation inhibitor is commonly 

referred to as “The Spring and Parachute” model. Here, the spring is the technology that generates a high 

concentration of the drug in solution and supersaturation. The precipitation inhibitor is the “parachute” 

that sustains supersaturated drug concentrations and slows the inevitable return towards thermodynamic 

concentrations (Guzmann, et al. 2007).  

Given that mesoporous silica is a relatively novel formulation technology, little work has been done to 

understand how to most effectively select and formulate precipitation inhibitors for silica formulations. 

Therefore, the aim of this thesis is to update the state of the art of precipitation inhibitor theory, selection 

and design and to propose new experimental and in silico methods for the screening, selection and 

incorporation of precipitation inhibitors with mesoporous silica formulation technology.  
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2. Theoretical Background   

2.1. Factors impacting oral drug absorption   

2.1.1 Solubility   

Solubility is the ability of a substance, or solute, to dissolve in a solvent to form a homogenous mixture of 

the two (Grant, et al. 1990). The thermodynamic solubility is the equilibrium state where dissolution rate 

is equal to precipitation rate, i.e. the point at which no change is observed in the concentration in the 

system (Yalkowsky, et al. 1999).   

Solubility of a solute in a solvent is governed by a number of factors, which, when simplified, can be broken 

down into three main components. First, the individual solute molecule must be separated from the solid 

material. This requires the breaking of solute-solute intermolecular interactions, or the crystal lattice in 

case of crystalline solids. Next, a cavity must be created within the solvent, this is referred to as cavitation. 

Finally, the solute molecule must be inserted into the newly created cavity. Therefore, the process of 

solvation is dictated by the energy costs or gains associated with each individual step in the process (Eq. 

1) (Yalkowsky, et al. 1999).  

S = f (crystal lattice energy + cavitation energy + solvation energy)  (Equation 1) 

It is generally accepted that the cavitation energy is negligible. Therefore, the solvation energy can be seen 

as a function of the affinity of the drug for the solvent and the crystal lattice energy of the drug. In the case 

of oral drug delivery, the solvents in question are the media of the GI tract. The affinity of the drug for the 

solvent is usually a molecular property relating to the hydrophilicity, lipophilicity and hydrogen-bonding 

capability of the molecule. The crystal lattice energy is related to the strength of the intermolecular 

interactions in the crystal lattice (Yalkowsky, et al. 1999). 
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2.1.2 Supersaturation   

Supersaturation can be defined from a physicochemical perspective as a system in which the free energy 

of the solute in solution is higher than the free energy of a crystalline or amorphous solid phase at 

equilibrium (Figure 1) (Taylor, et al. 2016). Essentially, this refers to a solution in which the concentration 

of drug is higher than the thermodynamic solubility, representing an excess energy system.  

 

Figure 1. Energy diagram showing the advantages and disadvantages of crystalline and amorphous solid-

state form from a stability and solubility perspective. Reproduced with permission from the publisher 

(Price, et al. 2018)  

During a dissolution process yielding a supersaturated solution of a drug, the concentration of the drug in 

solution increases until its thermodynamic solubility is exceeded (Taylor, et al. 2016) (Yalkowsky, et al. 

1999). Starting from this point supersaturation is established. Given the excess energy of the 

supersaturated state, this system exists in a metastable state. Ultimately, this metastability acts as a 

driving force for precipitation of the solute in either an amorphous or a crystalline form. This precipitation 

behavior must be considered if the goal of the generation of supersaturation is to increase absorption 

across the intestinal membrane (Price, et al. 2018).   
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Supersaturation can be triggered either by delivering the drug in a pre-solubilized form (e.g. SEDDS or lipid-

based formulations) or in a rapidly dissolving, metastable solid-state form (e.g. amorphous solid solution, 

amorphous dispersion, metastable polymorphs, nanosized particles, or even pharmaceutical salts or co-

crystals and prodrugs) (Timpe, et al. 2007).  

2.1.3 Impact of Solubility and Supersaturation on Oral Absorption   

For an orally delivered drug to reach its physiological target, it must first pass through the stomach, into 

the intestine and through the intestinal membrane to the systemic circulation. Therefore, absorption of 

the drug from the intestine is a critical stage in the action of a drug (Zheng, et al. 2012).  

This adsorption through the cell membrane is referred to as flux (F) and is related to the concentration 

gradient through the membrane and the innate permeability of the molecule.  (Equation 2).  

𝑭 =
𝑫𝑲𝑨

𝒉
 (𝑪𝒍𝒖𝒎𝒆𝒏 − 𝑪𝒃𝒂𝒔𝒐𝒍𝒂𝒕𝒆𝒓𝒂𝒍) (Equation 2) 

 Clumen is the drug concentration adjacent to the membrane, while Cbasolateral is the concentration of drug 

absorbed through the membrane, resulting in the concentration gradient.  K is the partition coefficient of 

drug between the aqueous intestinal fluid and membrane, h is the width of the membrane, D is the 

diffusion coefficient of the drug and A is the surface area of the intestinal membrane, which collectively 

represent the permeability of the drug through the membrane (Zheng, et al.  2012). 

One can assume, based on the circulation of blood away from the point of absorption, that the 

concentration of drug in the intestinal lumen is significantly higher than the concentration of drug at the 

basolateral membrane, so Clumen can be neglected. Furthermore, D, K, A and h are fixed values that are 

related to the drug’s permeability through the cell membrane, and can be collectively referred to as a 

permeability constant, P. Therefore, the maximum flux of the drug through the intestinal membrane is 

usually considered to be a product of the intestinal constant, P, and the thermodynamic solubility of the 
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drug in the intestine, Clumen. As a result, Eq 1. can be re-written (Equation 3). However, in the case of a 

supersaturating formulation, this would be the apparent solubility upon generation of supersaturation.  

𝑭 = 𝑷. 𝑪𝒍𝒖𝒎𝒆𝒏    (Equation 3) 

In other words, absorption of the drug through the intestinal membrane into systemic circulation is a 

function of permeability and solubility or apparent solubility. A low thermodynamic solubility is expected 

to result in reduced absorption from the GI tract. However, if the intestinal concentration can be enhanced 

via the generation of supersaturation, oral absorption of the drug can be substantially improved (Ditzinger, 

et al.  2018).  

The importance of solubility and permeability in oral drug absorption is underpinned in the 

Biopharmaceutics Classification System (BCS), which groups compounds into various classes related to 

these two properties (Amidon, et al.  1995). 

 

Figure 2. The Biopharmaceutical Classification System. Reproduced with permission from the publisher 

(Price, et al. 2018) 
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 As per the BCS, a drug is counted as “highly soluble” if the highest dose strength is soluble in 250 mL of 

aqueous media across physiological pH range (pH 1.2 – 7.5). A drug is considered to be highly permeable 

if the extent of absorption through a cell-membrane is 90% or more based on mass-balance determination 

(Amidon, et al. 1995). This can be assessed in in vitro permeability assays or in in vivo studies relative to 

an intravenous dose.  

2.1.4 Dissolution and Impact on Oral Absorption 

Although solubility and permeability are important components of drug absorption in the GI tract, another 

important consideration is dissolution (Dokoumetzidis, et al.  2006). Thermodynamic solubility, by 

definition, is an equilibrium value and contains no information about the rate at which the system reaches 

this equilibrium. Therefore, it is also crucial to consider the dissolution rate of the compound, to ensure 

that the equilibrium concentrations will be realized before the compound is cleared from the body via 

waste, with typical small intestinal transit times of between 2 and 5 hours being reported (Dokoumetzidis, 

2006).  

According to the film theory of dissolution, in order for a drug particle to dissolve, a concentration gradient 

must exist between the drug in solution (C) and the drug concentration at equilibrium (Cs), the two of 

which are separated by a layer of unstirred aqueous phase (h). This gradient is the driving force for 

dissolution, and the rate of dissolution is therefore related to the rate of diffusion through the unstirred 

boundary layer (Noyes and Whitney, 1897).   

This rate of diffusion across the unstirred boundary layer can be considered by simple diffusion kinetics 

(Equation 4): 

𝒅𝒄𝒙

𝒅𝒕
=

𝑫𝑨

𝒉
(𝑪𝒔 − 𝑪)     (Equation 4) 

 where D is the diffusion rate of the drug and A is the surface area of the dissolving solid.  
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Practically speaking, the dissolution rate of a drug is related to its surface area, or particle size, and its 

equilibrium solubility.  

Given the importance of both solubility and dissolution, it is clear that the BCS class of a molecule may be 

misleading, if the rate of dissolution is not known. Recently, the BCS has been refined and expanded in a 

framework referred to as the “developability classification system” (DCS). This system, developed by Butler 

and Dressman, was designed to facilitate the appropriate formulation of BCS II compounds (Figure 3) 

(Butler, et al.  2010).  Key changes in the DCS include the measurement of solubility in biorelevant media, 

rather than compendial buffers. Furthermore, the volume of solvent which is used for the assessment is 

changed from 250 mL to 500 mL. Perhaps the most impactful change is in the separation of BCS II into two 

subcategories: DCS IIa and IIb, depending on whether the absorption of the compound is dissolution 

limited (IIa) or solubility limited (IIb). This is a significant distinction that can aid pharmaceutical scientists 

in developing formulations for DCS II compounds, as dissolution limited solubility can be overcome with 

simple techniques such as particle size reduction which accelerates dissolution, in accordance with the 

Noyes Whitney equation based on offering a higher specific surface (Dokoumetzidis, et al. 2006). However, 

using the same approach for DCS IIb drugs would be ineffective, as here it would be key to increase 

concentration of the dissolved drug, e.g. by realizing a supersaturated system in the GI tract. 
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Figure 3. The Developability Classification System (Butler, et al. 2010). Reproduced with permission from 

the publisher (Price, et al. 2018). 

2.2 Approaches to Improve Drug Solubility, Dissolution and Oral Absorption 

2.2.1 Formulation Technologies to Tackle Poor Drug Solubility   

60 % of approved drugs meet the BCS criteria for low solubility. However, it has been reported that 90% 

of drug candidates in pharmaceutical R&D pipelines meet this definition (Zheng, et al. 2008). Therefore, 

approaches to overcome the biopharmaceutical barriers for poorly soluble compounds are an increasingly 

important component of a successful drug development campaign. For this purpose, several formulation 

options exist.  
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Lipid-Based Formulations  

Lipid-based formulations (LBFs) are a relatively common approach to overcome solubility limited (DCS IIb) 

oral absorption (Ditzinger, 2018). They are defined as delivery systems, in which the drug is dissolved or 

suspended in a lipidic system. LBFs can consist of triglyceride oils, partial glycerides, surfactants or co-

surfactants and co-solvents (Pouton, et al. 2000). Generally, solubilized LBFs are more common, and the 

bioavailability enhancement is related to generation of solubilized and/or supersaturated drug upon the 

dispersion and digestion of the lipid in the GI tract. As previously discussed, in the case of supersaturation 

being generated in LBFs, there is a risk of precipitation due to the metastable nature of the supersaturated 

state, which may require a precipitation inhibitor to sustain concentrations and thus improve oral drug 

absorption. A wide variety of drugs have been formulated in LBF (Ditzinger, et al. 2018). Drugs that are 

especially suited to LBF are the so-called “grease-ball” molecules, those with a high lipophilicity 

represented by a high log P. Furthermore, such compounds may also have relatively weak crystal lattices, 

improving the likelihood of complete solubilization into the lipid phase. For “brick-dust” molecules, those 

with a relatively high crystal lattice energy, solubilization generally will be limited in the lipid phase and 

LBFs are not as useful for formulation of these drugs. However, recent work has been carried out to 

demonstrate the possibility of supersaturating such “brick-dust” molecules in lipid formulations using 

heat-cool cycles (Koehl, et al. 2019). Of course, such formulations may encounter long-term stability 

issues, which could limit practical application as commercially viable formulations, but they are an 

attractive option for pre-clinical studies where dose-escalation requires high concentrations in easily 

deliverable formulations, e.g. for toxicological studies (Koehl, et al. 2019).  

Complexation 

Complexation in the context of drug solubilization generally refers to formulation with a class of excipients 

known as cyclodextrins and is a common strategy for improving performance of drugs with solubility 
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limitations (DCS IIb) (Brewster, et al. 2007). Cyclodextrins are cyclic oligosaccharides that are derived from 

starch and are composed of α-(1,4)-linked α-D-glucopyranose units. The classification of CDs is related to 

the number of glucose units, with α, β, γ CDs consisting of six, seven or eight units, respectively. CDs have 

a distribution of polarity throughout the molecule, with polar hydroxyl groups on the outer rim of the 

characteristic “torus” shape and less polar oxygen and hydrogen groups on the inside (Brewster, et al. 

2007).  As a result, hydrophobic drugs can complex with the hydrophobic inner core whilst the outer 

hydrophilic groups facilitate the aqueous solubility of the entire complex, thus potentially enhancing oral 

drug absorption. A critical factor for enhanced bioavailability with CDs is the drug’s off rate from the 

complex. If a drug is bound too strongly to the hydrophobic inner core, the solubilized drug substance will 

pass through the GI tract staying bound to the CD (Brewster, et al. 2008). As the molecular weight of the 

CD-drug complex is much higher than that of the drug substance, it cannot be absorbed through the gut 

wall and the drug would be excreted as the complex with the feces (Ditzinger, et al. 2019).  

Particle Size Reduction  

 In accordance with the Noyes-Whitney equation, reduction of particle size can increase dissolution rate 

of a drug (Noyes and Whitney, et al. 1897) Therefore, especially for DCS IIa drugs, reduction of particle size 

is a viable and often used technique to overcome limited oral absorption. Historically, particle size 

reduction has referred to micronization of drugs, in which drug particles are deconstructed into smaller 

particles via mechanical activation with milling approaches including, but not limited to ball milling, wet 

milling and cryo-milling. Recent technologies enable the production of particles on the nanoscale    

(Khadka, et al. 2014). Such nanosizing approaches can be described as either “top-down” or “bottom-up” 

depending on the method employed. The top down approach is analogous to the micronization 

approaches, in which specialized milling approaches such as pearl milling or high-pressure homogenization 

are applied to deconstruct micron-sized particles into nanoparticles that enhance dissolution and thus 

improve absorption (Khadka, et al. 2014). The “top-down” approach, by contrast, engineers the particle 
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properties during the precipitation process, such that nanoprecipitates are generated                                     

(Khadka, et al. 2014). For compounds whose high crystal lattice energy is limiting to solvation (e.g. brick-

dust molecules) nano-suspensions are attractive alternatives to solubilization techniques                                    

(Koehl, et al. et al. 2019). This is especially the case for those compounds whose solubility is limited in both 

polar and apolar solvents.   

A key difference between micronization and nano-sizing is the necessity to stabilize nanoparticles to 

prevent agglomeration and a return to micron-sized particles. Typically, surfactants or polymers can be 

incorporated to ensure particles remain on the nanoscale (Ditzinger, et al. 2019). Long-term stability can 

be an issue with nano-suspensions, which limit their application. However, they are especially useful in 

pre-clinical trials where large doses of drug candidates are required but have also found application in 

approved formulations. 

Formulation Technologies for Amorphous Systems 

Solubility and dissolution of a poorly soluble drug can be enhanced by altering the solid-state form of a 

drug substance to the amorphous form. The amorphous state is defined by a lack of long-range order, in 

contrast to a crystal structure (Williams, et al. 2013). Without the need to disturb a crystal lattice, the 

energy required to break the intermolecular interactions in the amorphous phase is significantly reduced. 

Therefore, creating a solution of an amorphous solid is inherently energetically more favorable than for 

the corresponding crystalline solid.  

Energetically speaking, the amorphous form is in a state of higher energy (Figure 4) and is therefore 

unstable or metastable and unlikely to remain amorphous over the duration of the shelf-life of the product 

(Taylor, et al. 2016). Amorphous drugs are therefore generally not used directly in drug products without 

an additional stabilizing component (Williams, et al. 2013).   
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Figure 4. Gibbs Free Energy curve demonstrating the excess energy present in the amorphous state. 

Reproduced with permission from the publisher (Price, et al. 2018). 

Therefore, the critical issue for successful amorphous formulation is stabilization of the amorphous form. 

Historically, this has been achieved through formulation in amorphous solid dispersions (ASD)                

(Ditzinger, et al. 2018). According to definition, an ASD is any formulation in which amorphous drug 

substance is distributed throughout a carrier, typically a polymer. For optimal stability, it is desirable that 

the drug is distributed homogenously throughout the carrier, allowing stabilization of the amorphous form 

in the polymer matrix (Williams, et al. 2013).  

2.2.2 Preventing Precipitation from the Supersaturated State  

Collectively, the combination of a supersaturating formulation technology with a precipitation inhibitor is 

known as the “Spring and Parachute” model. The formulation generates the “spring” of supersaturation 

leading to a fast and high increase of drug concentration in solution, while the precipitation inhibitor acts 
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as a “parachute” by slowing the system’s inevitable return to thermodynamic concentrations        (Guzman, 

et al. 2004) (Figure 5). 

 

Figure 5. The Spring and Parachute model. A common formulation approach where a ’spring’ generates 

supersaturation and a ’parachute’ prevents precipitation. Reproduced with permission from the publisher 

(Price, et al. 2018). 

Ultimately, the success of supersaturating formulations is related to the appropriate selection and 

combination of precipitation inhibitors, i.e. the “parachute”, with the selected “spring” formulation 

technology. To ensure this, a thorough understanding of the underpinnings of precipitation and 

precipitation inhibition is essential.  

Precipitation  

Precipitation or crystallisation of supersaturated drug from solution is an energy driven process related to 

the excess energy of a supersaturated solution that has reached a critical labile point where phase 

separation of solute molecules occurs instantaneously and without external influence (Mullin, et al. 2000). 

This process is a function of concentration, temperature and composition of the solution. A higher 
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concentration of solute increases the lability of the system, whereas an increase in temperature decreases 

the lability of the system (Figure 6).  

 

Figure 6. Solubility–supersolubility diagram (Mullin, 2007). A more labile solution is obtained with a higher 

drug concentration (arrow A). A more stable solution is obtained by the increase in temperature (arrow 

B). Reproduced with permission from the publisher (Price, et al. 2018). 

The process of crystallization or precipitation occurs in two key stages: a) nucleation and b) crystal or 

particle growth (Mullin, et al. 2000). For crystal and particle growth, a critical nucleus consisting of solute 

molecules must first be attained.  Nucleation and particle growth can occur at the same time and at 

different rates, depending on the system and stage of precipitation (Warren, et al. 2010). The exact 

mechanism of nucleation remains unclear but can occur spontaneously or can be induced. It can be 

induced with or without seed crystals and in the presence or absence of a cluster surface, e.g. foreign 

particles or surface defects. In any case, nucleation can be described mathematically by classical nucleation 

theory (CNT) (Mullin, et al. 2000) (Equation 5).  

𝑱 = 𝑨 𝐞𝐱𝐩 (−
𝑩

𝒍𝒏𝟐 𝑺
)     (Equation 5) 
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Where J is the rate of nucleation, S is the supersaturation, A is a nucleation constant, B is a thermodynamic 

value related to the energy cost of nucleation. Both A and B are considered fixed for practical purposes, 

which underscores the importance extent of supersaturation play in the precipitation processes.  

Crystal growth can occur once critical nuclei are formed. Various mechanistic hypotheses have been 

proposed for crystal growth, but the predominant model is the Adsorption Layer Theory                            

(Mullin, et al. 2000). In this model, it is assumed that a layer of adsorbed molecules exists on the growing 

crystal or precipitate. This layer exists in equilibrium with the bulk solution. The model states that the solid 

precipitate will only grow if the solute molecules in solution can adsorb to a site on the growing nucleus 

or particle which represents an energy minimum (Warren, et al. 2010). These contacts are typically found 

at imperfections or kinks on the growing crystal or particle surface. This process results in the formation 

of the thermodynamically favourable polymorph over time, but kinetic forms may arise first. This 

phenomenon is known as Ostwald’s rule of stages, which indicates that the fastest forming polymorph 

does not represent the thermodynamic stable polymorph but rather that polymorphs are obtained in the 

order of decreasing energy (Nyvlt, et al. 1995).  

For supersaturating formulations, it is critical to prevent both nucleation and crystal growth to allow for 

increased absorption.  

Precipitation Inhibition   

Typically, inhibition of precipitation from the supersaturated state is achieved by incorporating polymers 

into the formulation (Warren, et al. 2010). These polymeric “precipitation inhibitors” have seen 

widespread usage in the literature, with the most common polymers used including cellulose derivatives, 

methacrylates and polyvinylpyrrolidones (Warren, et al. 2010). This kinetic effect is related to polymeric 

interference with nucleation and crystal growth through interaction with both the supersaturated drug 

and the aqueous environment (Xu, et al. 2013). These interactions generally prevent the adsorption of 



 

P a g e  22 | 286 

 

drug molecules onto the growing crystal face and therefore precipitation is arrested. As previously alluded 

to, this is a kinetic effect and usually has no impact on the thermodynamic saturation concentrations of 

the system. In some systems, the polymer may also have a co-solvent effect, thus contributing to both a 

thermodynamic and kinetic stabilization of the drug in solution (Warren, et al. 2010).  

For kinetic inhibition, interaction between the drug and polymer is key. Specifically, polymers can interact 

with the drug via hydrogen bonds, polar, or dispersion forces, to varying degrees (Price, et al. 2018;          

Price, et al. 2019; Warren, et al. 2010; Brouwers et al. 2009; Gao, 2 et al. 2012) Although extensive work 

has been carried out on the application and screening of precipitation inhibition, the exact mechanism of 

interaction remains unclear. In any case, it is likely to vary from system to system. More broadly, PI 

effectiveness has been related to properties such as temperature, molecular weight, polarity and 

hydrogen bonding capabilities of both the drug and polymer (Warren, et al. 2010). In addition to the more 

general discussion about potential properties relating to effective inhibition, some modes of action have 

also been proposed. For example, the extent of polymer adsorption onto the surface of the growing crystal 

is often discussed as one of the critical factors for successful precipitation inhibition. This adsorption 

introduces steric hindrance, which disrupts the diffusion of supersaturated drug through the solid-liquid 

boundary layer to the surface of the growing crystal (Brouwers, et al. 2009). In addition, the crystal 

conformation can be disrupted by polymers in solution. Also discussed, is the effect of polymers on the 

surface tension and viscosity of the solution, which can reduce the diffusion of the drug to the crystal 

growth sites (Warren, et al. 2010). Thus, an important factor to consider is the effect of the polymer on 

solution viscosity. The effect of the viscosity is two-fold: first, an increased viscosity results in a slower 

solute diffusion coefficient and second, an increased viscosity is often related to an increased number of 

potential binding sites for polymer-drug interaction. However, even considering the potential PI 

mechanism, there are still differing conclusions in the literature. Some studies show polymer 

hydrophobicity to be a critical property in precipitation inhibition (Prasad, et al. 2016), some suggest that 
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hydrogen bond interactions play a pivotal role (Warren, et al. 2010), while yet others propose that polymer 

surface coverage is an important factor (Schram, et al.  2015). Ultimately, although many precipitation 

inhibition mechanisms have been proposed, it remains unclear to what extent these factors effect 

precipitation inhibition. In all likelihood, multiple precipitation inhibition mechanisms contribute to the 

observed effect, with the balance depending on the specific properties of both the drug substance and the 

precipitation inhibitor. 

Selection of Precipitation Inhibitors    

Given the large number of substances that can act as PIs reported in the literature, various screening 

methods to select drug-PI combinations have been developed. Invariably, these screening methods 

involve the generation of supersaturation in combination with a variety of analytical techniques that can 

determine the rate and extent of precipitation of a drug over time in many samples. A wide variety of 

methods to generate supersaturation are reported in the literature, including use of amorphous solids, 

shifts in temperature or pH, use of pharmaceutical salts or solvent shifts. (Warren, et al. 2010) Of these 

techniques, the most common is the solvent shift method. This involves dissolving the drug in high 

concentrations in a favourable organic solvent which is miscible with water (e.g. DMSO). A small volume 

of this solution is added to an aqueous phase to generate a supersaturated state. Analytical techniques 

such as UV spectroscopy, HPLC or nephelometry can be used to assess drug concentration or amount of 

precipitate over time, which in turn gives information about the efficiency of the inhibitor being studied. 

(Warren, et al. 2010) 

For example, during a drug development campaign, two Johnson and Johnson drugs, A and B, required 

addition of PIs to a surfactant-based bioenabling formulation that generated supersaturation but did not 

itself prevent precipitation (Creasey, et al. 2011). In order to select an appropriate PI candidate, 

supersaturation was generated in the presence of a range of potential PIs for both compounds, and then 
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HPLC was employed to determine residual drug concentration in solution after 24 hours. This screening 

platform identified Pluronic F127 as the most efficient PI (Creasey, et al. 2010; Li, et al. 2012). This type of 

experimental set-up is particularly attractive when pursuing surfactant-based formulations, as the 

methodology can simultaneously screen surfactant systems as well as PIs. In this respect, one can 

simultaneously assess the extent of the supersaturation generated by the surfactant and how sustained 

the profile is in the presence of PIs (Li, et al. 2012).  The main drawback of the given experimental design 

is that barely any information is obtained about the kinetics of drug precipitation in the presence of 

polymer when using a single time point. 

An alternative screening platform which utilises off-line chromatography was reported by Petrusevska and 

co-workers (Petrusevska, et al. 2013). In this study, supersaturation was generated for fenofibrate and 

carbamazepine, in the presence of various potential PIs, using a solvent shift from DMSO into aqueous 

buffer. Experiments were carried out in 96 well plates. The plates were sealed and incubated, with samples 

being taken at 30, 90, 180 and 360 minutes, filtered and analysed with UPLC for drug content. This method 

provides more information about which PI is the most efficient over physiologically relevant time scales. 

In this study, it was found that surfactants such as Tween® and Cremophor® were most efficient for 

fenofibrate, whereas for carbamazepine cellulose derivatives such as HPMC and HPMCAS were the 

optimal systems (Petrusevska, et al. 2013). 

Despite the limited time-resolution that such ‘off-line’ methods can provide, they can be very reliable 

when it comes to predicting performance of the final formulation. Yamashita and colleagues performed a 

similar high-throughput screen for a range of surfactants, oils and polymers in combination with 

itraconazole. The screen demonstrated that HPMCAS was the most efficient PI. When itraconazole-

HPMCAS spray-dried dispersions were manufactured and compared to the commercially available 

Sporanox® HPMC-based dispersions, the HPMCAS-based formulations significantly outperformed the 

commercial product in dissolution tests (Yamashita, et al. 2011).  
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Analytical techniques that offer in situ analysis are very appealing as they can provide a real-time picture 

of supersaturation-precipitation behaviour. It was demonstrated by Warren and colleagues that utilising 

in situ nephelometry, a technique that uses light-scattering to measure particle concentration, can provide 

an indirect measure of drug concentration in a high-throughput screen (Warren, 2010).  In this instance, 

the nephelometer measures light scattering of the samples, which directly relates to the total 

concentration of particular matter in suspension and drug in solution. A large number of species was 

screened for precipitation inhibition using a plate reader, according to which the researchers were able to 

sort the PIs into three distinct groups. (Warren, et al.  2010)  

Chauan and co-workers expanded upon this technique by utilising an in-situ UV probe that provided time-

resolved information about the concentration of drug in solution (Chauhan, et al. 2014). This method was 

used to assess the interactions between indomethacin and a wide range of polymers. After a solvent-shift 

to generate supersaturation, the turbidity and drug concentration were measured using an in-situ UV-

probe. The time-resolved data so obtained enable further calculation and processing. Chauan and 

colleagues subsequently used these data to calculate the precipitation induction time (time delay between 

supersaturation and precipitation) as well as the rate of precipitation, which indicated that PVP, HPMC 

and Eudragit E100 increased induction time and decreased the precipitation rate. Subsequently, successful 

solid dispersions of indomethacin-PVP, indomethacin-HPMC and indomethacin-Eudragit® E100 were 

developed (Chauhan, 2014).  A similar study with dipyridamole was also carried out (Chauhan, et al. 2013).  

The downside of using nephelometry as a screening tool is the difficulty of screening systems that are 

insoluble. For example, some supersaturating formulations, e.g. mesoporous silica, contain insoluble 

excipients that would interfere with the light scattering and make analysis difficult.  

Recent advances in PI screening have seen the introduction of smaller scale dissolution techniques, such 

as the µDISS profiler™ apparatus, produced by Pion. The µDISS™ utilises in situ UV in combination with 

liquid handling and can be used to efficiently study supersaturation and precipitation in real-time. 
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Palmelund and co-workers studied six different poorly soluble drugs in combination with HPMC or PVP at 

different degrees of supersaturation using this technique (Palmelund, et al. 2016). They were able to 

successfully discriminate between innate solubility enhancements of the polymers vs. precipitation 

inhibition. For the BCS IV drug, aprepitant, for example, both polymers increased solubility by 

approximately 150 %, with the solubility being the same in both polymer systems. There were distinct 

differences in the curves observed in the real-time data display, with HPMC showing a more pronounced 

effect on the dissolution profile than PVP. Therefore, for this system, HPMC acted as a more effective PI 

than PVP (Palmelund, et al. 2016). According to the authors, the µDISS profiler™ is particularly appealing 

as the experimental protocols can be easily standardised to reduced inter- and intra-lab variability. 

(Palmelund, 2016). The µDISS profiler™ has also been applied to investigate the effect of prandial state 

and PIs on the precipitation of supersaturated zafirlukast (Madsen, et al. 2016).  

3. Recent Advances in Supersaturating Formulations  

3.1 Mesoporous Silica: An Emerging Formulation Technology  

Mesoporous silica is a relatively novel formulation option for poorly soluble drugs, with no examples of 

approved drug products and only one proof of concept study in man (Bukara, 2016). However, there has 

been a dramatic increase in interest around mesoporous silica-based formulations in the past decade. A 

summary of all mesoporous silica formulations reported to date is shown in Table 1.   

Mesoporous silica refers to a variety of materials synthesized to produce a SiO2 mesoporous structures. 

(Limnell et al., 2011) Mesoporous silica can be ordered or non-ordered (Barbe et al. 2008; Kresse et al. 

1992).  The former include classic structures such as SBA-15 and MCM-41, (Mellaerts et al. 2010) whilst 

the latter include novel, proprietary excipients manufactured by drug delivery specialists, such as Parteck 

SLC® (Merck Milipore) (Laine et al., 2016; O’Shea et al. 2017) and Neusilin™ (Fuji Chemical) (Khanfar and 

Al-Nimry, 2017). Such materials have a wide range of applications, including tissue engineering                  
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(Vallet-Regi et al., 2010), catalysis (Saad, et al. 2017), chromatography (Majors, et al. 1972), adsorbents in 

environmental sciences (Bhatnagar et al., 2010) and drug delivery for poorly soluble drugs (Wang, et al. 

2009). With respect to drug delivery applications, it has been widely reported that mesoporous silica can 

act as a dissolution enhancer by ‘trapping’ drug in the amorphous form within the mesoporous network 

(O’Shea, et al. 2017; Laine, et al. 2016; Van Speybroeck, et al. 2010; Vialpando, et al. 2011; Dressman, et 

al. 2010; Xu, et al. 2013).  

For ordered mesoporous silica, a template synthesis process is carried out, in which pores are constructed 

with consistent pore size and geometry. For unordered mesoporous silica, pore size and geometry are not 

controlled. An exhaustive comparison of the advantages and disadvantages of ordered vs. unordered 

mesoporous silica is lacking in the literature. However, the costs of producing ordered mesoporous silica 

limits their applicability from an economic perspective. Mesoporous silica, by definition, are porous in 

nature with pores from between 2-50 nm in diameter (McCarthy, et al. 2016).  However, in line with their 

usual intended application, pore sizes on the lower end of this range are more common. This porosity 

results in a high surface area, up to 1000 m2/g, which is important for loading drugs inside the porous 

network.  

There are various methods of loading crystalline drugs onto mesoporous silica. The methods can be 

grouped into three categories: solvent-based (e.g. Laine et al. 2016), mechanical activation (e.g. Qian and 

Bogner, 2011) and vapour-mediated (e.g. Gignone, et al. 2014).  A thorough overview of the loading 

methods of poorly soluble drug onto mesoporous silica is beyond the scope of this thesis, but the 

interested reader is referred to a number of publications that provide a good overview of the different 

routes to drug-loaded silica (McCarthy, et al. 2016; Wantanabe, et al. 2000; Qian and Bogner, 2011; 

Hillerstrom, et al. 2014; Limnell, et al. 2011).   



 

P a g e  28 | 286 

 

Of the methods described in the literature, the solvent-based approach is most commonly employed. This 

can be attributed to the poor loading efficiencies and time-consuming processes involved in the solvent-

free loading methods (Qian and Bogner, 2011). The solvent approaches can be grouped into two main 

categories: solvent impregnation and incipient wetness. During the solvent impregnation loading 

approach, the drug is dissolved in an organic solvent and the solution is added to mesoporous silica. 

Adsorption of the drug onto the silica is initiated through mechanical agitation or sonication of the slurry. 

Finally, the solvent is removed, which can be achieved using a number of methods including vacuum 

drying, spray drying, lyophilization or rotary evaporation. (Laine, et al. 2016; Wei, et al. 2017; Limnell, et 

al. 2011; Meer, et al. 2013). Incipient wetness involves the steady addition of small volumes of a 

concentrated solution of the drug in an organic solvent onto the heated silica, such that the full amount 

of solvent is adsorbed into the network and then rapidly evaporated, leaving the drug within the pores 

(O’Shea 2017; Dressman, et al. 2015). Both methods result in a drug-loaded silica, in which the previously 

crystalline drug substance is now amorphous or molecularly dispersed on the surface of the silica. This can 

be confirmed with analytical methods such as DSC or PXRD.  

The theoretical maximum drug content that can be loaded onto mesoporous silica is dependent on the 

surface area (Vallet-Regi, et al. 2007), pore volume (Wang et al. 2012) and pore geometry of the silica 

(Heikkila, et al. 2007) with potential values as high as 75% (w/w drug/silica) reported in the literature (Wei, 

et al. 2017). Experimentally, however, such high drug loadings are not achievable, with residual 

crystallinity often observed in drug-loads exceeding 50% (wt/wt) (Wei, et al. 2017). Indeed, most cases of 

drug-loaded silica in the literature do not exceed 40% loading, in line with other amorphous formulation 

technologies (Table 1).  
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Table 1.  

Drugs for which formulations based on mesoporous silica have been elaborated and characterized  

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

 

Atorvastatin 

 

 

Maleki  

et al. (2016) 

 

558.64 

 

II 

 

5.39 

 

685.325 

 

Shete  

et al. (2010) 

 

433.5 

 

0.63 

 

4.33 

 

- 

 

20 

Valsartan 

 

Biswas 

 (2017) 

435.519 III 5.27 349.5 Skotnicki 

 et al. (2013) 

390 1.12 4..37 - 43.25 

Carvedilol Hu  

et al. (2012) 

406.482 II 3.42 312.53 Wyttenbach 

 et al. (2016) 

388 1.24 - 8.74 41.6 

Furosemide 

 

Ambrogi  

et al. (2012) 

330.745 IV 1.75 374.7 Nielsen 

 et al. (2015) 

479.5 1.28 4.25 - 30 

Glibenclamide 

 

Van Speybroeck  

et al. (2011) 

494.004 II 3.79 345.4 Bartsch et al. (2005) 442.5 1.28 4.32 - 30 

Ezetimibe 

 

Kiekens et al. 

(2012) 

409.4 II 4.56 336.35 Knapik et al. (2014) 436.5 1.30 - - 20 
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Table 1. (contd.)   

Drugs for which formulations based on mesoporous silica have been elaborated and characterized 

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

Celecoxib Laine  

et al. (2016) 

381.373 II 4.01 331.1 Wyttenbach  

et al. (2016) 

431.5 1.30 - - 33 

Felodipine Hu  

et al. (2015) 

384.259 II 3.44 317.9 Wyttenbach  

et al. (2016) 

418.5 1.32 - 5.39 25 

Itraconazole Mellaerts  

et al. (2008) 

705.64 II 7.31 332.7 Wyttenbach 

 et al. (2016) 

439.7 1.32 - 3.7 25 

 

Indomethacin 

 

Wang  

et al. (2010) 

 

357.79 

 

II 

 

3.53 

 

319.6 

 

Wyttenbach 

 et al. (2016) 

 

424.5 

 

1.33 

 

3.8 

 

- 

 

20 

 

Curcumin 

 

 

Hartono 

 et al. (2016) 

 

368.38 

 

II 

 

3.28 

 

343 

 

Pawar  

et al. (2012) 

 

456.5 

 

1.33 

 

- 

 

- 

 

25 
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Table 1. (contd.)  

Drugs for which formulations based on mesoporous silica have been elaborated and characterized 

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

Telmisartan 

 

Aftab Alam  

et al. (2013) 

514.617 II 6.04 401.4 Lepek  

et al. (2013) 

535.5 1.33 3.65 6.13 37.5 

Ketoprofen Abd-Elrahman  

et al. (2016) 

254.281 II 3.61 270.58 Wyttenbach  

et al. (2016) 

367.5 1.36 3.88 - 20 

Griseofulvin 

 

Salonen  

et al. (2005) 

352.766 II 2.17 361.5 Zhu  

et al. (2010) 

493.5 1.37 - - 16.5 

Fenofibrate Bukara  

et al. (2016) 

360.831 II 5.28 254.8 Wyttenbach  

et al. (2016) 

354 1.39 - - 30 

Nifedipine Xu  

et al. (2013) 

346.335 II 1.82 320.3 Wyttenbach  

et al. (2016) 

446.5 1.39 - 5.33 20 

Cinnarizine Van Speybroeck 

 et al. (2009) 

368.514 II 5.88 281.1 Wyttenbach  

et al. (2016) 

392.5 1.40 - 8.4 20 
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Table 1. (contd.)   

Drugs for which formulations based on mesoporous silica have been elaborated and characterized 

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

Phenylbutazone Van Speybroeck  

et al (2009) 

308.374 II 4.14 270.75 Wyttenbach  

et al. (2016) 

378.5 1.40 5.13 - 20 

Danazol Van Speybroeck 

 et al. (2009) 

337.5 II 3.46 352 Alhalaweh  

et al. (2015) 

498.5 1.42 - - 20 

 

Flurbiprofen 

 

Tozuka  

et al. (2005) 

 

244.261 

 

II 

 

3.94 

 

268.7 

 

Wyttenbach  

et al. (2016) 

 

384 

 

1.43 

 

4.42 

 

- 

 

30 

Hesperidin 

 

Wie  

et al. (2017) 

610.565 II 2.68 346.9 Shete  

et al. (2014) 

501 1.44 - - 28.6 

Etravirine 

 

Mellaerts  

et al. (2013) 

435.28 IV 5.54 372.5 Weuts  

et al. (2010) 

538.5 1.45 - 4.13 20 
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Table 1. (contd.) 

Drugs for which formulations based on mesoporous silica have been elaborated and characterized 

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

Carbamazepine 

 

Wang  

et al. (2012) 
236.269 II 2.77 329.5 

Li  

et al. (2000) 
478.5 1.45 - - 20 

Lovastatin 

 

Khafar  

et al. (2017) 
404.54 II 3.9 301.5 

Elder  

et al. (1990) 
448 1.49 - - 36.26 

Acetaminophen 
Hacene  

et al. (2016) 
151.163 III 0.91 298.1 

Wyttenbach 

 et al. (2016) 
443.5 1.49 - - 18.8 

Aceclofenac 
Kumar  

et al. (2014) 
353.0216 II 3.88 284.8 

Wyttenbach  

et al. (2016) 
424.5 1.49 3.44 - 50 

 

Ibuprofen 

 

Zhang  

et al. (2011) 

 

206.29 

 

II 

 

3.84 

 

230.7 

 

Wyttenbach  

et al. (2016) 

 

349.5 

 

1.51 

 

4.85 

 

- 

 

32.6 
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Table 1. (contd.) 

Drugs for which formulations based on mesoporous silica have been elaborated and characterized 

Compound Ref. Mwt BCS Class Log P Tg (K) Ref. Tm (K) Tm/Tg pKa (acid) pKa (base) Loading (%) 

Pretomanid 

 

Xia  

et al. (2014) 

359.258 - 3.11 - - 140 N/A - - 40.4 

 

Cilostazol 

 

 

Wang  

et al (2014) 

 

369.46 

 

II 

 

3.31 

 

- 

 

- 

 

160 

 

N/A 

 

- 

 

- 

 

25 

Resveratrol 

 

Summerlin  

et al. (2016) 

228.247 II 3.4 - - 254 N/A - - 20 

Mefloquine 

 

Letchmanan  

et al. (2017) 

378.312 II 4.11 - - 243 N/A - 9.46 33 

Atazanivir Xia 

 et al. (2012) 

704.856 II 4.54 - - 195 N/A - 4.42 32.8 
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The loading process can be considered from an energetic perspective: the surface of the silica has high 

energy and a large area. Therefore, the loading and uptake of drug onto the surface allows the system to 

lose excess energy, thus decreasing the Gibbs energy of the system.  At the moment, there is insufficient 

information in the literature to state definitively how the drug is taken up within the porous network, and 

the mechanism is likely to vary with the chemical structure of the drug substance. Some hypotheses 

include: hydrogen bond interactions (Wang, et al. 2010; Kinnari, et al. 2011) , hydrophobic interactions 

(Xu, et al. 2013), capillary action (Yanagihara, 2013) and ionic interactions (Atkin, et al. 2003; Turku, et al. 

2007), although the latter depends on the silol groups on the surface of the silica to be in the anionic state, 

which may not be the case under physiological or ambient conditions. 

One of the key differentiators of mesoporous silica from alternative amorphous formulation approaches 

is the superior stability that can be introduced via nanoconfinement within the mesoporous structure. 

High stability of the amorphous or molecularly dispersed drug is generally obtained once it is adsorbed 

into the porous network of the silica. The work of Muller and co-workers demonstrated amorphous 

stability at ambient and accelerated conditions for 30 different mesoporous silica formulations           

(Muller, et al. 2013).   

This enhanced stability is especially attractive for so-called “GFA-1” or glass-forming ability 1 drugs. The 

glass forming ability of a drug is based on the overall propensity of a molecule to re-crystallize. First 

described by Avramov in 2003 as “the propensity of a liquid to vitrify upon cooling” (Avramov, et al. 2003), 

the GFA of a molecule can be determined experimentally based on a DSC method developed by Baird et 

al. (Baird, et al. 2010). In this approach, drug is placed in a DSC pan and subjected to a melt-cool-melt 

cycle. In this cycle, the DSC curves are examined for any crystallization behaviour. For GFA-3 compounds, 

no crystallization is observed at any point, indicating good stability in the amorphous form. For GFA-2 

compounds, no crystallization is observed in the first melt-cool cycle, but when additional energy is 

supplied to the system in the second melt cycle, crystallization is observed, indicating a moderate stability 



 

P a g e  36 | 286 

 

in the amorphous form. For GFA-1 compounds, crystallization is observed in the first melt-cool cycle, 

indicating that even when the system is decreasing in energy, crystallization is favoured. This so-called 

“cold crystallization” is indicative of poor stability in the amorphous form. GFA-1 compounds are therefore 

very challenging to formulate in the amorphous form. A recent study by Wyttenbach and Kuentz confirmed 

the level of challenge, as only 6.25% of commercially available amorphous formulations fall into this class 

(Wyttenbach et al. 2017).  

Recent work has demonstrated that mesoporous silica can successfully stabilize such compounds whereas 

traditional polymer-based technologies are unsuccessful (Ditzinger and Price, 2019). Furthermore, it has 

been shown that molecular mobility is significantly reduced, regardless of moisture or temperature, which 

is a critical consideration when carrying out the required ICH Q1 stability studies during drug development. 

Brás and colleagues demonstrated how adsorption and nanoconfinement of ibuprofen onto mesoporous 

silica resulted in a significant reduction of all known types of molecular mobility (Brás et al., 2014). Most 

interestingly, the Johari-Goldstein relaxation, a type of molecular flexibility which has been related to 

physical instability of the amorphous form, was reduced (Brás et al., 2014; Mehta et al., 2016). Similar to 

the work by Mehta and colleagues, this work focused on a good glass forming drugs (GFA-3). However, 

follow-on work also demonstrated reduction in molecular mobility for the successful stabilization of the 

very poor glass former Menthol (GFA-1), which has a glass transition temperature of -54.3 °C             

(Cordeiro et al., 2017). In the study, Cordeiro and colleagues successfully stabilized amorphous menthol 

due to nanoconfinement within mesoporous silica. This stabilization was related to a decrease in molecular 

mobility associated with α and β relaxation, which correspond to free-range mobility and molecular 

flexibility, respectively, and are critical for crystallization. Furthermore, a new type of molecular mobility, 

S-type, was observed, which was related to hindered mobility and nanoconfinement in the pore and was 

significantly slower than standard molecular mobility events (Cordeiro et al., 2017).  As a result, drug-

loaded silica can often be stored in open containers and at elevated temperature and/or humidity.   
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Upon delivery to an aqueous medium, such as the GI tract, the drug is displaced from the mesoporous 

network and has the potential to generate a supersaturated solution. Although yet to be extensively 

studied in the literature, the release mechanism can likely be described using diffusion kinetics. Simplified, 

upon administration to an aqueous environment, there is a diffusion of water into the porous network via 

capillary action. This in turn solubilizes the loaded drug, which generates a concentration gradient between 

the inside of the silica and the external medium. This in turn drives release of drug via diffusion along said 

concentration gradient, generating supersaturation and potentially increased absorption (Xu, et al. 2012).  

Broadly speaking, this kind of release behavior can be described by the classical Higuchi Equation 

(Equation 6), which was proposed by Higuchi in 1961 to explain the release behavior of drug from thin 

ointment films (Higuchi, et al. 1961). Further work and modifications allowed this equation to be expanded 

to describe the release of any drug adsorbed or entrapped within an inorganic and insoluble matrix into 

an external medium via diffusion (Siepmann and Peppas, 2011) as follows: 

   Mt = A√2𝑐𝑖𝑛𝑖𝐷𝑐𝑠𝑡               (Equation 6) 

where Mt is the amount of drug released from the inorganic carrier, A is the surface area available for 

release, cini is initial drug concentration in the carrier, D the diffusion coefficient of drug in the insoluble 

carrier and cs is the maximum (saturation) concentration of the drug in the carrier.  

Based on the Higuchi equation, the release of drug from mesoporous carriers can be described as a 

diffusion-driven process that, similarly to the loading process, is dependent on pore surface area, pore 

volume and pore morphology. Indeed, there have been a number of examples in the literature where 

Higuchi diffusion kinetics successfully predicted and modelled release of ibuprofen from mesoporous 

materials (Andersson, et al. 2004; Horcajada, et al. 2004; Zhao, et al. 2008).   

Although the Higuchi diffusion model is a good starting point to understand the release behavior of a drug 

from mesoporous materials, it is not the whole picture. Indeed, in most studies that have attempted to 
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model release, it has been over-predicted using Higuchi diffusion kinetics (Bathfield, et al. 2016; 

Bouchoucha, et al. 2016; Kinnari, et al. 2011). The Higuchi equation treats the diffusion process of a drug 

from the inorganic carrier as a one-step diffusion limited process. In reality, the release of most drugs from 

mesoporous silica likely follows a two-step dissociation-diffusion process: (1) Dissociation of the drug from 

the silica surface, which involves breaking interactions between the drug and the silica surface, and 

creating interactions between the diffused water and the silica surface  (hydrogen bond and dipolar 

interactions), and (2) Diffusion out of the pore. For example, Kinnari and co-workers demonstrated that 

release of itraconazole from porous silica can be described with the Higuchi equation for about 80 % of 

drug release, with a significant deviation for the remaining 20 %. In this instance, the first 80 % accounted 

for physically entrapped drug within the pores, which diffused out of the carrier as previously described. 

The remaining 20% accounted for itraconazole that was interacting with the carrier via H-bonding. 

Therefore, the release of the final 20 % proceeded via the two-step dissociation-diffusion process and did 

not align with the Higuchi equation (Kinnari, et al. 2011).  

3.2. Mesoporous Silica and Precipitation Inhibitors  

Like other formulations that generate supersaturation, it is essential to prevent precipitation from the 

supersaturated state for physiological time frames in order to increase oral absorption (Price, et al. 2018). 

The key difference between mesoporous silica and other bio-enabling formulations such as polymeric 

ASDs is that the silica – unlike excipients used in ASDs - itself does not inhibit precipitation from the 

supersaturated state (Laine, 2016). Therefore, it is essential to incorporate an additional polymeric 

excipient to function as a precipitation inhibitor (PI) in mesoporous silica formulations. One crucial 

difference between precipitation inhibition in mesoporous silica formulations and polymer ASDs is that 

one is less confined by the formulation process in the selection of the precipitation inhibitor for 

mesoporous silica formulations. For example, for an HME formulation, the polymer must be able to act as 

a precipitation inhibitor and 
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meet the restrictive requirements for successful processing with HME including heat resistance and 

accessible melting point (Timpe, et al. 2007). The same is true for spray-dried dispersions, which 

require the polymer to be soluble in organic solvents and resistant to the friction and heat generated 

in the spray-dry process (Timpe, et al. 2007). For mesoporous silica, however, the process of loading is 

simple and requires basic lab equipment, and the available polymer space for PI selection is broader, 

increasing the likelihood of good performance (Laine, et al. 2016). This characteristic of mesoporous 

silica formulations could be especially beneficial when considering recent advances in understanding 

precipitation inhibition, where optimal precipitation inhibitors could be combined with mesoporous 

silica formulations that would be unsuitable for formulation with either spray dry dispersion or hot 

melt extrusion.  

3.3. Investigating the Importance of Drug-Polymer Interactions in Precipitation Inhibition   

Recently, there has been an increased interest in understanding the process of precipitation inhibition 

from a fundamental mechanistic perspective (Warren, et al. 2011; Price, et al. 2018). Specifically, 

advanced analytical tools have been used to study the interaction between dissolved, supersaturated 

drug and precipitation inhibitor on a molecular level. Interactions between drug and polymer has been 

shown to be the most critical success factor for a precipitation inhibitor system (Price, et al. 2018). The 

following techniques have been used to gain insight into such interactions: 

3.3.1 UV-vis Spectroscopy  

UV-vis-spectroscopy has been used more recently to investigate in detail kinetics of precipitation and 

drug-polymer interactions during precipitation inhibition.  

Patel and co-workers applied second-derivative UV-spectroscopy to model the supersaturation and 

precipitation of indomethacin from supersaturated conditions in a solvent-shift experiment [Include 

reference]. This approach was able to extract a large amount of information from the system, 

especially relating to mechanism of precipitation. They found that precipitation of indomethacin was 

related to diffusion towards the growing crystal face, and that incorporation of a precipitation inhibitor 
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could interfere with the crystal binding domains of the growing crystal, due to favourable hydrogen 

bond interactions between the polymers and indomethacin (Patel, et al. 2014). 

Nie and colleagues used UV-vis spectroscopy as an orthogonal technique to support their mechanistic 

hypothesis for clofazimine-HPMCP interaction (Nie, et al. 2014). This was especially useful as 

clofazimine is red in both the crystalline and amorphous forms, but a colour shift to purple occurred in 

the presence of HPMCP in solid dispersions. Qualitatively, this was also observed for mixtures of drug 

and carboxylic acid analogues (e.g. glacial acetic acid), but not for polymers without carboxylic acids, 

such as HPMC. It was concluded that the bathochromic shift was associated with a proton-transfer 

from the carboxylic acid functional group of HPMCP (Nie, et al. 2014). In combination with principal 

component analysis, the drug: PI (w: w) ratio below which no interaction was observed was calculated 

to be 1:0.5. Using the same approach, it was concluded that the drug: PI ratio at which full protonation 

of the imine occurs, i.e. the strongest interaction, was at 1:1.5 (Nie, et al. 2014). Such information can 

be valuable in the design and development of PI-based formulations. A similar study was conducted by 

Misic and co-workers in the investigation of acid-base interactions between the poorly soluble drugs, 

loratadine and carvedilol, and oleic acid (Misic, et al. 2014). 

Patel and co-workers also utilized UV-vis spectroscopy in combination with mathematical modelling. 

This study involved the combination of online second-derivative UV-spectroscopy and modelling using 

the diffusion reaction model in order to give real-time concentration values and mechanistic insight 

for indomethacin in supersaturated solutions. This methodology was able to provide a large amount 

of information about the precipitation behavior, including that at high degrees of supersaturation the 

precipitation is diffusion limited, which fits in well with the diffusion-reaction model (Patel, et al. 2011). 

3.3.2. FTIR Spectroscopy  

Fourier-Transform Infrared (FTIR) spectroscopy is one of the most commonly employed spectroscopic 

techniques and can provide functional group information based on a molecule’s vibrational response 

to IR light absorption.  FTIR spectroscopy is highly attractive from a drug development setting as it can 
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be employed to study interactions between compounds in complex mixtures. Due to this, FTIR 

spectroscopy is a good prospect for the investigation of drug-polymer interactions                                

(Gaffney, et al. 2012)  

For example, Nie and co-workers performed an experiment to determine interactions between 

clofazimine and HPMCP, which has been previously reported to have very high drug loading capacity 

in solid dispersions (Nie, et al. 2015). IR spectra were analysed in order to identify changes in the 

vibrational modes of clofazimine and HPMCP in a solid dispersion (Nie, et al. 2016). A new peak, at 

3310 cm-1 was observed in the IR spectrum of the solid dispersion, which corresponded to the 

stretching mode of the ionised imine in the clofazimine, protonated by the carboxylic acid groups in 

the phthalate substituent of the HPMCP due to in situ formation of a polymeric, amorphous salt with 

the drug. Furthermore, a sensitivity analysis showed that at ratios less than 1:0.5 w/w (drug: polymer), 

this effect was not observed. Additionally, the intensity of the peak increased with increasing HPMCP 

concentration. This acid-base interaction between HPMCP and clofazimine was further supported by 

the appearance of peaks at 1540 cm-1 and 1395 cm-1, which both correspond with the formation of a 

carboxylate group (Nie, et al. 2016). Knowledge about solid-state interactions such of these can be 

directly correlated to solid-state stability and loading capacity as well as to enhanced precipitation 

inhibition and supersaturation. Indeed, the combination of HPMCP and clofazimine in a solid dispersion 

resulted in a 10-fold increase in apparent clofazimine solubility (Nie, et al. 2015).  

Petrusevska and colleagues also employed FITR spectroscopy to investigate the mechanism of 

interactions between a successful drug-PI formulation, sirolimus and HPMC, which was developed 

during a commercial screening platform. Solid dispersions of HPMC and sirolimus demonstrated 

significant variation from the neat samples of amorphous sirolimus as well as a physical blend. 

Specifically, the sirolimus peaks at 1680-1640 cm-1 (C=C) and 1760-1670 cm-1 (C=O) in the solid 

dispersion were significantly broader than the pure drug, which the authors concluded was a result of 

interaction between the two species (Petrusevska, et al. 2013b). This interaction was suggested to be 
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partly responsible for the 2-fold increase in supersaturation and dissolution in the sirolimus-HPMC 

solid dispersion versus the commercially available Rapamune nanoparticles. Finally, this formulation 

was used in a clinical pharmacokinetics trial, in which the novel formulation significantly outperformed 

the commercial formulation, Rapamune. This effect was attributed to the enhanced precipitation 

inhibition properties of HPMC in the novel formulation (Petrusevska, et al. 2013b). This study is a good 

demonstration of how FTIR can be employed to aid in the development of a precipitation inhibitor 

formulation from screening to clinical testing. 

Another application of FTIR spectroscopy is the characterization of precipitates, which can provide 

information about the effect of precipitation inhibitors. This was carried out in a recent study by 

Chavan, in which IR spectroscopy was used to ensure that a range of polymers being studied for 

precipitation inhibitors did not affect the solid-state phase behaviour (polymorphism) of the drug, 

nifedipine (Chavan, et al. 2016). In this instance, the FTIR spectra of the precipitates for all three 

polymers (HPMC, PVP and HPC) aligned well with crystalline nifedipine, indicating no polymorphic 

change was induced by the polymers. This is an important consideration as when the drug does 

precipitate from the supersaturated condition (precipitation being just a kinetic effect) a change in 

polymorphism could have unintended pharmacokinetic effects.  

3.3.3. Raman Spectroscopy  

Raman spectroscopy is a technique that uses inelastic (Raman) scattering from laser light sources to 

study vibrational transitions. This information can be used to ascertain structural information about a 

sample. Raman spectra are obtained by recording the light scattered by a sample, which can be difficult 

as a majority of this light will be of similar frequency as the excitation source, so-called Rayleigh 

scattering. Only a small proportion of light scattered will be shifted based on vibrational transitions in 

the sample. This is called Stokes- and anti-Stokes-scattering. It is the intensity of the Stokes-shifted 

light that is plotted against Stokes-shift to create Raman spectra (Rostron, et al. 2016). Raman 

spectroscopy is a technique that is complementary to IR spectroscopy, and has certain advantages. 
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Similar to IR spectroscopy, Raman spectra can be interpreted to ascertain information about 

interactions between two species. Unlike IR, this can be carried out in aqueous solution, which has 

particular advantages when considering drug polymer interactions, where water often plays an 

essential role (Paudel, et al. 2015).  

Raut and co-workers utilized an in-situ Raman probe, placed inside a dissolution set-up, in order to 

investigate the precipitation inhibition effect of Vitamin E TPGS on two model drugs, probucol and 

indomethacin, in self-emulsifying drug delivery systems compared to labrasol formulations. In order to 

achieve this, the formulations were added to a solution at pH 1.2, followed by a pH shift to pH 6.8. 

Insertion of a Raman probe into these solutions allowed the collection of time-resolved Raman spectra 

for both the solid precipitate and the species in solution, which were analyzed for molecular 

interactions between the drug and excipients. For probucol, Raman peaks were observed at 540 and 

1164 cm 1, corresponding to the hydroxyl groups in the molecules. However, in the presence of Vitamin 

E TPGS, this peak dropped significantly in intensity, with the peak at 1164 cm-1 disappearing 

completely. This was due to the interaction of the probucol hydroxyl groups with carbonyl groups of 

the precipitation inhibitor. These interactions had a profound effect on precipitation, with no 

precipitation being observable in the presence of Vitamin E TPGS, in spite of the system being 

supersaturated to 100-fold of the thermodynamic solubility of Probucol (Raut, et al. 2015). 

 Similar observations were made for indomethacin, in which a shift was observed from the typical              

1689 cm-1 carbonyl peak to a peak at 1680 cm-1 in the presence of Vitamin E TPGS, indicating a 

hydrogen bonded carbonyl group of indomethacin is present. Indeed, this moiety was essential for the 

precipitation inhibition effect of Vitamin E TPGS as this peak was not observed in the formulations 

where precipitation occurred. In addition, this effect was enhanced due to the presence of further 

interactions between the hydroxyl groups of indomethacin with the carbonyl groups of Vitamin E TPGS, 

indicated by diminished hydroxyl intensities in the presence of the inhibitor. Interestingly, in the case 

of indomethacin, it was observed that interactions were only evident whenever a certain 
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“supersaturation threshold” was obtained, below which interactions were not observable, and 

precipitation occurred. This is an important factor to bear in mind: although a drug and polymer may 

theoretically interact strongly, the formulation in question must generate a particular concentration 

before interactions will be present. For Labrasol formulations of both compounds, however, there 

were no discernible interaction motifs in the Raman spectra, and the subsequent formulations 

performed poorly, with all samples precipitating (Raut, et al. 2015). Although not all drugs and 

formulations would be suitable for this methodology, model drugs, such as the ones mentioned, can 

be used in combination with a range of polymeric PIs to gain fundamental information about the 

important binding sites of polymers. Such information could be used to fine-tune the selection process.  

In addition to probing interactions in solution, Raman spectroscopy is a useful tool for investigating 

short-range interactions in the solid state. This can be particularly beneficial in the development of 

solid dispersion formulations, such as hot melt extrusion (HME) and spray-dried dispersions (SDD), 

where both drug-polymer miscibility and the precipitation inhibition performance of the polymer is 

based on these interactions. Chauhan and co-workers utilized this technique, among a wide range of 

spectroscopic tools, to develop solid dispersions of dipyridamole (Chauhan, et al. 2013). The team 

found that the most successful formulations consisted of drug-HPMC and drug-Eudragit E100®, which 

performed significantly better than all other polymers screened. Further investigation, utilizing solid-

state Raman spectroscopy, revealed that interactions were present between the drug and HPMC and 

Eudragit E100® (Chauhan, et al. 2013).  

3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy  

Nuclear magnetic resonance (NMR) spectroscopy is a spectroscopic technique that exploits the 

electromagnetic emission of nuclei in a magnetic field to gain structural information about the sample 

(Gunther, et al. 2013). Proton NMR is the most commonly utilised, but other nuclei can be studied, e.g. 

carbon, fluorine, silicon and lithium (Gunter, et al. 2013). NMR spectroscopy has wide application in 



 

P a g e  45 | 286 

 

drug development and can be a particularly useful in formulation design                                                                 

(Garido and Beckman, et al. 2014).  

One-dimensional (1D) NMR Spectroscopy 

Ueda and colleagues utilised 1D NMR spectroscopy as a tool to assess the impact of HPMCAS 

substitution patterns on the precipitation behaviour of carbamazepine (Ueda, et al. 2014). In the study, 

it was observed that HPMCAS successfully inhibited the precipitation of carbamazepine, depending on 

the ratio of succinyl and acetate groups in the polymer. Highest degrees of carbamazepine 

supersaturation were sustained in the presence of HPMCAS grades with low succinyl and high acetyl 

substitutions. This observation was explained by the hypothesis that the more hydrophobic the 

polymer, the higher the affinity for the growing crystal surface (see section 4.6. Polymer Surface 

Coverage). In order to expand upon this theory, the group utilised 1H NMR spectroscopy to provide 

information about the molecular mobility of carbamazepine in solution, with a range of HPMCAS 

variants. A good correlation was observed between precipitation inhibition and the molecular mobility. 

A lower molecular mobility, associated with an increased interaction between the drug and the 

polymer, corresponded to a more successful precipitation inhibition. It was hypothesized that this 

interaction was the insertion of HPMCAS into growing aggregates that have not yet reached the critical 

nuclei size for crystal growth to occur, which prevents the formation of the crystal lattice                       

(Ueda, et al. 2014). Thus, 1D NMR spectroscopy can be a useful tool to assess the effect of polymers 

on drug mobility, which can provide information about potential precipitation inhibition effects. 

In a recent study by Prasad and co-workers, 1D 1H NMR spectroscopy was utilised to probe the 

inhibitory effect of a range of polymers on indomethacin precipitation after the generation of 

supersaturation. It was hypothesized that interactions between the polymers and the carboxylic acid 

functionality of indomethacin was essential for precipitation inhibition. Therefore, focus was placed 

on studying this interaction. The chemical shift of the carboxylic acid group, at 3.70 ppm, was closely 

monitored for changes in chemical shift, which could indicate a change in the chemical environment 
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surrounding the protons and therefore may indicate an interaction mechanism between the drug and 

the polymer. Eudragit® E100 and PVP, when combined with the drug in solution, shifted the carboxylic 

acid peak to a lower value, due to shielding effects (Prasad, et al. 2016). The investigators utilised this 

shift to quantify the strength of drug-polymer interaction and subsequent precipitation inhibition 

effect. Eudragit E100 resulted in a larger down shift than PVP. For both polymers this shift was directly 

proportional to the concentration of the polymer. Additionally, it was observed that when the 

formulation was changed from a binary system, with drug and one polymer, to a ternary system, with 

both polymers, this shift was even more pronounced. This provided evidence for a synergistic 

contribution of the two polymers to the precipitation inhibition. This NMR data supported the 

dissolution performance of the drug in the presence of polymers, where a larger and more sustained 

supersaturation was generated with Eudragit E100 in a binary system.  

Two-dimensional (2D) NMR Spectroscopy: NOESY and DOSY 

There are a range of 2D NMR spectroscopic techniques that can give information about correlations of 

different atoms through space such as Nuclear Overhauser effect spectroscopy (NOESY) and diffusion 

ordered spectroscopy (DOSY).  

NOEs occur when there is an enhancement of an NMR signal following cross relaxation and magnetic 

transfer in systems where there are dipolar spin interactions (Kwan and Huang, et al. 2008). NOEs are 

observable when two nuclei are close in space. This can be exploited to determine if two different 

molecules (for example a drug and a polymer) are close enough to each other for an interaction to take 

place which will have an influence on precipitation behaviour. Furthermore, the resultant NOESY 

spectra can be interpreted to determine which part of the drug molecule is interacting with which part 

of the precipitation inhibitor, based on the standard 1D structural NMR spectra.  

Prior to their work surrounding the importance of substituent ratios for HPMCAS precipitation 

inhibition, which utilised 1D NMR for the calculation of molecular mobility, Ueda and colleagues first 

established the mechanism of interaction between HPMCAS and carbamazepine in solution utilising 
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NOESY (Ueda, 2013). During this experiment, it was observed that HPMCAS-HF (a grade of HPMCAS, 

relating to the ratio of acetyl to succinyl substituents) had cross-peak interactions with the aromatic 

protons and amide protons of carbamazepine, suggesting the possibility of both hydrogen bond 

interactions and hydrophobic interactions. After further inspection of the intensities of the cross-

peaks, it was concluded that the more predominant effect was a hydrophobic interaction between the 

HPMCAS acetyl substituents and the aromatic region of carbamazepine (Ueda, et al. 2013). This 

interaction appeared to be essential for successful precipitation inhibition.  

NOESY has also been used in combination with High Resolution Magic-Angle Spinning (HR-MAS) NMR 

spectroscopy to understand the interactions between the poorly soluble drug mefenamic acid with 

Eudragit® EPO in supersaturated solutions (Higashi, et al. 2014). Although MAS was originally 

developed to study solids in NMR, HR-MAS NMR spectroscopy can also offer improved resolution for 

the study of highly viscous solutions and has been used in the pharmaceutical industry to detect and 

quantify drug  in formulations such as gels and creams (Marzarati, et al. 2013). Higashi and co-workers 

were able to significantly improve the recorded NMR spectra for mefenamic acid-Eudragit EPO solution 

under MAS conditions. This allowed cross-peaks to be observed during the NOESY experiments. These 

cross-peaks showed evidence of multiple points of interaction between the drug and the polymer, 

indicating two different motifs. Firstly, a hydrophobic interaction between the aromatic portion of the 

drug and the EPO backbone and, secondly, a hydrophilic hydrogen-bond interaction between the 

amino alkyl part of EPO and the carbonyl groups of mefenamic acid. Furthermore, it was observed that 

the intensities of the two sets of cross-peaks were similar, leading the authors to conclude that both 

interactions play an important role in precipitation inhibition (Higashi, et al. 2014).  

DOSY is a tool that allows the calculation of diffusion coefficients based on how quickly a species moves 

in a given time. In order to obtain this information, DOSY excites the species with multiple pulses and 

then measures the distance travelled between pulses, from which diffusion coefficients can be 

obtained. These diffusion coefficients are directly related to the size and molar mass of the species. 
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Therefore, based on the presence of signals specific for the drug and the polymer, DOSY spectra can 

be used to distinguish whether one is observing the drug on its own or in a complex with a polymer, 

which would have a different diffusion coefficient based on the increased size (Johnson, et al. 1998).  

For the study of drug-polymer interactions, DOSY can be used alongside NOESY to offer an orthogonal 

confirmation of drug-polymer interactions.  

DOSY was an essential part of a study to assess a novel spray dried dispersion matrix, HPMCAS and 

dodecyl (C12) poly(N-isopropylacrylamide) (PNIPAm), for suitability to enhance the delivery of the 

poorly soluble drug, phenytoin (Li, et al. 2017). After dissolution of the solid dispersion, the C12-

PNIPAm polymers formed micelles with the dodecyl groups at their core, which successfully sustained 

the supersaturated state of phenytoin generated by the SDD. Furthermore, a novel observation was 

recorded in that the C12-PNIPAm inhibited precipitation of the supersaturated phenytoin by inclusion 

of the drug within the corona of the micelles, as opposed to the core. It was also concluded that the 

HPMCAS in the formulation had little effect on sustaining the supersaturation compared to C12-

PNIPAm, and instead, was responsible for the enhanced dissolution of the drug from the SDD                   

(Li, et al. 2017). These conclusions were backed by both NOESY and DOSY data. The NOESY spectra of 

the novel formulation showed cross-peak interactions between the phenyl groups of the phenytoin 

and the isopropyl groups of the PNIPAm polymer. Conversely, NOESY spectra revealed no cross-peaks 

for phenytoin combined with HPMCAS. On application of DOSY as an orthogonal approach, no 

reduction in diffusion coefficient for phenytoin was observed in HPMCAS. Conversely, the diffusion 

coefficient decreased dramatically, in a concentration-dependent manner, in the presence of C12-

PNIPAm. This provided the researchers with strong evidence that the C12-PNIPAm was responsible for 

the remarkable sustained supersaturation that was observed upon dissolution of this novel SDD, and 

that this mechanism was taking place within the corona of the micelles (Li, et al. 2017).  
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Solid State NMR Spectroscopy 

Solid state (SS) NMR spectroscopy can be utilised to gain structural information about solids. One key 

distinguishing property of solids from an NMR perspective is the presence of anisotropy, that is, 

directionally dependent interactions. These anisotropic effects have a significant impact on the 

magnetic interactions of nuclei, and so are of critical importance for the structural elucidation of solids 

via this technique. Furthermore, these effects result in very broad NMR signals if no magic angle 

spinning (MAS) conditions are applied. Therefore, SS NMR spectroscopy is generally carried out in 

combination with MAS, which reduces these effects and results in narrower peak width and better 

resolved spectra. SS NMR spectroscopy has been utilised in the literature for determining interactions 

between drugs and precipitation inhibitors in the solid state, such as in solid dispersions or hot melt 

extrudates. Chauhan and colleagues utilised 13C cross-polarization magic angle spinning SS NMR 

spectroscopy to investigate the interactions between indomethacin and polymers in solid dispersions 

(Chauhan, et al. 2014). Three different polymers, Eudragit® S100, PVP and HPMCAS, were screened for 

indomethacin interactions using this method. Chemical shift changes of the indomethacin signals were 

recorded in the presence of the polymers, with a larger chemical shift change indicating a stronger 

interaction. For the aromatic region, a slight chemical shift change was observed for all three polymers, 

with the biggest shift occurring in the PVP solid dispersions. This correlated well with the observed 

performance of the SDD during biorelevant dissolution, which outperformed all other polymers due to 

enhanced precipitation inhibition (Chauhan, et al. 2014). 

NMR spectroscopy can provide definitive details about the molecular interactions between drug and 

precipitation inhibitors. Such mechanistic detail can be valuable when considering the selection of 

precipitation inhibitors. Therefore, NMR spectroscopy is a valuable tool to be applied by the 

pharmaceutical scientist in the development of supersaturating formulations. The use of NMR 

spectroscopy for this purpose remains ‘exotic’ in the literature, with key examples coming from just a 

few research groups. This may be due to the difficulties associated with obtaining meaningful spectra 
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from drug-polymer systems, which make up most examples in the literature. Firstly, the drugs used in 

supersaturating formulations are innately poorly soluble, which can make preparing NMR samples with 

high enough concentrations for analysis difficult. Secondly, polymers themselves often have very broad 

and poorly resolved spectral peaks, which can be difficult to interpret. Thirdly, a ‘catch-22’ exists 

between resolved spectral data and strong interactions: the stronger the interactions between drug 

and polymer, the broader and less resolved the peaks become, which also leads to difficulties. For 

these reasons, the MAS design described by Higashi and co-workers (Higashi, et al. 2014) is a very 

attractive prospect, due to the increased resolution that can be provided. 

3.3.5. Differential Scanning Calorimetry (DSC)  

Differential scanning calorimetry (DSC) is a thermal analysis technique that sees wide application in the 

pharmaceutical sciences (Sheng, et al. 2016). DSC records the amount of heat required to increase the 

temperature of a sample compared to a reference material (e.g. indium). This produces a DSC curve, 

from which a wide range of information can be obtained about key thermal events such as melting, 

crystallization, glass formation and decomposition.  One particularly useful application of DSC is in the 

identification of amorphous materials, which will exhibit a glass-transition instead of a melting thermal 

event in a DSC curve (Sheng, et al. 2016). Although not as common, DSC can also be used to investigate 

interactions between two different species. Traditional DSC cannot achieve this and instead, 

modulated DSC (MDSC) is utilised. MDSC differs from traditional DSC in that it operates using two 

simultaneous heating rates, in contrast to the single linear heating rate used in DSC. MDSC utilises both 

a linear heating rate and a modulated heating rate that allows simultaneous measurement of the heat 

capacity of the sample. Such an approach allows the analysis of more complex mixtures due to its 

higher sensitivity and resolution.  

Chauhan and co-workers used MDSC to learn about the mechanism of interaction between 

dipyridamole and a range of precipitation inhibitors. Previously, MDSC has been used to assess 

miscibility between a drug and polymer, based on a change in melting event. Expanding on this idea, 
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in this study, the melting temperatures of dipyridamol and dipyridamol precipitates in the presence of 

polymers were essential to determining whether any drug-polymer interaction was taking place. For 

Eudragit® E100, Eudragit® S100 and HPMC, additional melting and glass endotherms were observed in 

the MDSC curves. The authors of the study reasoned that this shift occurred due to interaction of the 

drug with the polymers in solution, which corresponded with an increased precipitation inhibition. 

Indeed, of the six polymers studied, only those polymers where a change in melting temperature of 

the precipitates was observed were successful precipitation inhibitors (Chauhan, et al. 2013). But the 

authors also offered a word of caution, saying that, although melting point changes were present, this 

is not definitive proof of interaction. Certain polymers, e.g. PEG, can dissolve a drug and therefore alter 

the melting temperature. Rather, the authors suggest that MDSC is a useful tool to determine if there 

are no interactions present, as was the case with the unsuccessful precipitation inhibitors, Eudragit 

S100, Eudragit L100 and PEG 8000 (Chauhan, et al. 2013). To state that an interaction is definitely 

present, MDSC should be used with complementary analytical techniques. 

3.3.6 Modelling Precipitation Inhibition  

Adsorption Modelling  

Initial work on adsorption modelling for precipitation inhibition used the well-established adsorption 

isotherms, including the Langmuir (Langmuir, et al. 1918), and Freundlich models (Skopp, et al. 2009), 

often combined with crystallization models such as the Kubota-Mullin model (Kubota, et al. 1995; 

Kubota, et al. 1997; Kubota, et al. 2000) to predict the adsorption of additives on crystal surfaces and 

the effect on crystal growth. The Kubota-Mullin model proposes a monolayer by monolayer crystal 

growth, in which precipitation inhibition depends on the surface coverage, θ, and space between 

polymers absorbed onto the growing crystal surface, L, where l is the free energy of the unit length 

(Equation 7). (Kubota, et al. 1995; Kubota, et al. 1997; Kubota, et al. 2000) 

𝜃 =
𝐿

𝑙
         (Equation 7)  
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Schram and colleagues adapted the model in order to predict polymer performance from the 

experimentally obtained surface coverage values (Schram, et al. 2015b).  In this case, polymer 

effectiveness, Rp/R0, is the ratio of crystal growth in the presence (Rp) and absence of polymer (R0) and 

depends on the fractional surface coverage, θ; the relative supersaturation, σ; the edge free energy 

per unit length, γ; the size of a growth unit, a; the temperature, T, the Boltzman constant, k, and the 

average distance between absorbed polymers, l (Equation 8)  

𝑅𝑝

𝑅0
= 1 −

𝛾𝑎

𝑘𝑇𝜎(𝜃𝑙)
𝜃   (Equation 8) 

 

The average distance between polymers is specific for each system and depends on the amount of 

polymer adsorbed to the surface. Thus, l was proportional to the experimental polymer surface 

coverage determined by AFM. Consequently, a correlation was established, with which l could be 

determined from the polymer surface coverage. This correlation enables the calculation of the 

fractional surface coverage in the Kubota-Mullin model and subsequently the theoretical effectiveness 

of crystal growth inhibitors. In this study, the theoretical effectiveness calculations were in good 

agreement with the experimental values (Schram, et al. 2015b).  

This approach was also adopted by Alonzo and co-workers to determine the effect of polymers on 

crystal growth and nucleation of felodipine (Alonzo, et al. 2012). The team observed experimentally 

that the efficiency of HPMC inhibiting precipitation of felodipine from supersaturated solution was 

dependent on the extent of supersaturation generated. This was supported using a Langmuir 

adsorption model that indicated at high degrees of supersaturation the fractional surface coverage of 

the growing crystals was decreased, due to the higher propensity to re-crystallize at such high 

supersaturation (Alonzo, et al. 2012).  

The use of adsorption models to study precipitation inhibition of indomethacin was extensively studied 

by Patel and co-workers (Patel, et al. 2015; Patel, et al. 2014; Patel, et al. 2011). Using second-



 

P a g e  53 | 286 

 

derivative UV spectroscopy in combination with a first-order crystal growth model, Patel and Anderson 

investigated growth rates of indomethacin in the presence of various PIs.  For HP-β-CD, precipitation 

inhibition was modelled using diffusion layer theory (Patel, et al. 2011). This model successfully 

predicted that, at high degrees of supersaturation, HP-β-CD inhibition could be related to the reversible 

complexation between the two species at the diffusion layer (Patel, et al. 2011).  

Furthermore, it was observed experimentally that HPMC and PVP significantly outperformed HP-β-CD, 

in agreement with the inhibition models (Patel, et al. 2011).  

In a further study by Patel and co-workers, molecular weight of PVP and its effect on precipitation 

inhibition was studied using Langmuir isotherms generated with the solution depletion method. In 

this method, PVP with varying molecule weight was mixed with solution of the model drug, 

indomethacin. These systems were then allowed to equilibrate before being passed through a size 

exclusion column. The sample weight was then determined through the column to determine the 

concentration of the adsorbed polymer on the surface of the growing crystal. Adsorption isotherms 

based on surface coverage were then constructed, which showed that adsorption potential for PVP 

was directly proportional to PVP molecular weight. This was also validated experimentally, with 

higher molecular weight PVP inhibiting the precipitation of indomethacin most effectively, due to an 

increased surface coverage (Patel, et al. 2014).  

Molecular Modelling  

Many different types of molecular models have been applied to mechanistically study crystallization 

and precipitation, ranging in complexity from Monte Carlo methods to molecular dynamics simulations 

and quantum mechanics (Myerson, et al. 1999).  

Mandal and co-workers developed a coarse-grained (CG) model for crystal growth based on force fields 

obtained from simulators (Mandal et al. 2016). Coarse graining allows the simulation of complex 

systems without the need for extensive computation time, due to the use of simplified atomistic 

representations. Such an approach is often used to model the interaction of proteins and small 
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molecules (Levitt, et al. 1975). There are many software packages that can carry out the CG process, 

such as MARTINI (Levitt, et al. 1975), however, such software packages often oversimplify the 

molecules, leading to the danger that information important to understand crystallisation behaviour 

may be lost. In order to improve upon these established CG processes, Mandal and colleagues utilised 

a CG model based on the radial distribution functions of the molecules, which were obtained from 

atomic simulations carried out in the crystalline state (Mandal et al. 2016). As a result, the CG model 

developed was able to simulate crystal growth of the organic molecule, phenytoin, in the absence and 

presence of the polymer HPMCAS (Mandal et al. 2017). Furthermore, the simulation was able to 

correctly predict that inhibition of phenytoin by HPMCAS is highly dependent on the substitution of 

the polymer, with an increased acetate substitution slowing crystal growth most effectively. The results 

of this simulation robustly predicted the experimental data (Mandal et al. 2017).  

Thermodynamic and Kinetic Modelling  

The interplay between drug, polymer and the aqueous environment is complex from a thermodynamic 

perspective. In order to consider such a system in its entirety, a thermodynamic model would need to 

assess the polymer, drug and water in a ternary system. In this system, both liquid-liquid phase 

separation and solid-liquid equilibrium would need to be considered (Taylor, et al. 2016;                         

Paus, et al. 2016).  Although such an approach is attractive due to the high level of detail of information 

that could be obtained, it remains a difficult task. Emerging statistic thermodynamic models such as 

the perturbed-chain statistical associating fluid theory (PC-SAFT) (Paus, et al. 2016) could handle the 

required complexity of such a system. However, as yet, there have been no examples of such an 

approach in the literature and it remains unlikely due to the difficulties associated with establishing 

such a model. Therefore, currently, application of thermodynamic models is limited, and instead 

kinetic approaches have been adopted to describe the interaction between polymers and drugs in 

precipitation inhibition. Specifically, the interaction parameter  of the Flory-Huggins (FH) theory has 

often been employed (Flory, et al. 1953; Flory, et al. 1942; Chen, et al. 2014; Baghel, et al. 2016). 
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The Flory-Huggins solution equation (Equation 9) is used to describe the behavior of polymers in 

solution. It is an adaption of the standard Gibbs energy equation incorporating an extra term to modify 

entropy to consider molecules of different sizes. In the Flory-Huggins equation the enthalpic portion 

of the Gibbs equation is represented by the Chi parameter, : 

 

∆𝐺 = 𝑅𝑇[𝑛1 𝑙𝑛𝜑1 + 𝑛2 𝑙𝑛𝜑2 + 𝑛1 𝜑2 𝜒1,2]   (Equation 9) 

 

where R is the ideal gas constant and T is the absolute temperature.  n1, n2 and φ1 and φ2 are the number 

of moles and volume fraction, respectively, for component 1 and 2 of the system, and χ is the 

interaction enthalpy upon association of component 1 and 2.  

 

Using the Flory-Huggins equations one can consider mixtures of drug and polymers, whereby the 

enthalpic contribution becomes . Specifically, it is hypothesized that the interaction related to the  

parameter in the equation can be related to the interaction between drug and polymer in solution, 

which is essential for inhibition of precipitation. Specifically, this is related to the hydrophobic, polar 

or hydrogen bond interactions between the drug (D) and polymer (P) (Warren, et al. 2011). The   

parameter can be determined experimentally by combining the Flory-Huggins equation with 

experimental DSC measurements (Marsac, et al. 2009).  

In addition, it is possible to utilize in silico predictions of the   parameter, which reduces the number 

of experiments required, thus allowing experimental work to focus on the most promising 

formulations. This can be achieved in several ways. One common method is to calculate the drug, D, 

and polymer, P, in relation to the molar volume of the drug, Vm, the temperature, T, and the ideal gas 

constant, R (Rubenstein, et al. 2003) (Equation 10): 

 

𝜒𝐷𝑃 =
𝑉𝑚(𝐷−𝑃 )

2

𝑅𝑇
        (Equation 10) 
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The extended Hansen solubility parameters, D, and P, can be predicted based on chemical structure 

alone, using group contribution methods, quantitative structure property relationships (QSRP), 

molecular dynamics or quantum approaches such as the Continuum Order Solvation model for Real 

Solvents (COSMO-RS) (Van Krevelen, et al. 2009; Tian, et al. 2015; Gharagheizi, et al. 2011;  

Gharagheizi, et al. 2015; Tantishaiyakul, et al. 2006; Niederquel, et al. 2018). In addition to group 

contribution methods, it has been shown that solubility parameters can be predicted from quantitative 

structure property relationships (QSPR) (Gharagheizi, et al. 2011; Gharagheizi, et al. 2015; 

Tantishaiyakul, et al. 2006). A first calculation option is to simulate the internal energy change due to 

vaporization, Ev (Gupta, 2011), which can then be incorporated into the cohesive energy density 

equation along with Vm, the molar volume (Hilderbrand, et al. 1950) (Equation 11):   

 

 = (𝐶𝐸𝐷)
1

2⁄ = [
∆𝐸𝑣

𝑉𝑚
]

1
2⁄
     (Equation 11)  

 

In this instance, the total energy difference for isolated molecules and for the bulk system with periodic 

boundary conditions provides an estimate of Ev (Hilderbrand, et al. 1950).  

Although there has been a lot of work in determining experimental and in silico methods to determine 

the  parameter, there are only a few examples of this parameter being used to understand inhibition 

of precipitation. Baghel and co-workers studied solid dispersions of dipyridamole and cinnarizine with 

PVP and polyacrylic acid (PAA) (Baghel et al. 2016). It was found that the combinations capable of 

forming hydrogen bonds (dipyridamol-PVP; dipyridamol-PAA and cinnarizine-PAA) in the solution state 

were more effective at keeping the drug in a supersaturated state than those not able to hydrogen 

bond (cinnarizine-PVP). In this instance, cinnarizine-PVP had the highest predicted DP parameter, 

suggesting weakest interactions, in line with the observed precipitation inhibition results.  However, it 

was noted that, despite their significantly different supersaturation performance, the difference 
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between the DP parameters of cinnarizine-PVP and cinnarizine-PAA was not great, and that other 

aspects such as the hydrophilicity of the polymer should also be considered. 

 

Similar findings were also reported by Chen and co-workers who compared solid dispersions of 

griseofulvin, felodipine, and ketoconazole with PVP vinyl acetate (PVP-VA) and HPMC-AS (Chen et al., 

2014). Although felodipine interacted much more effectively with PVP-VA in the solid-state (DP= -1.9) 

than with HPMC-AS (DP= -0.21), this behavior was not replicated in aqueous dispersions, where the 

HPMCAS solid-dispersion generated higher and more sustained supersaturation profiles upon 

dissolution.  This was likely due to the hydrophilic interactions of PVP-VA with water upon exposure to 

an aqueous environment, which may have reduced or negated the favorable interactions with 

felodipine. 

 

3.4. Bridging the Gap to Systematic and Facile Precipitation Inhibitor Screening 

There has been an exponential increase in the number of research papers addressing precipitation 

inhibition from a mechanistic perspective. This effort, combined with the use of advanced analytical 

tools, has led to a deeper understanding of drug-polymer interactions. Techniques to investigate 

experimental drug-polymer interactions are time-consuming and not ideally suited to early stage 

pharmaceutical development, where such decisions must be made. Furthermore, although the de novo 

design of PIs to maximize interaction with the drug and water in a balanced way is an exciting prospect, 

there are some key hurdles to this technology becoming widely applicable. For example, from a 

regulatory perspective such an approach could be very costly and restrictive, since additional safety 

studies would be required to demonstrate an absence of polymer-related toxicity, if new PIs are used. 

Therefore, a rather more interesting and applicable approach would be “de novo selection” of PIs 

based on an understanding of interaction between the drug and polymer. Such an approach would 

retain some of the advantages of a bespoke PI selection process whilst avoiding the additional 

regulatory burden associated with creating a novel excipient, designed based solely on optimal 
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interactions. For excipient selection, in silico tools are an attractive prospect, as they can limit the time 

required by reduce the experimental screening requirements.  

However, the in-silico tools that have recently been employed in the design and selection of 

precipitation inhibitors are currently costly and time-consuming, making them less attractive for “de 

novo selection” of a precipitation inhibitor from a large database. Therefore, there exists a gap 

between the current understanding of drug-polymer interactions and a quick and efficient screening 

tool for the selection of precipitation inhibitors that are already approved for pharmaceutical use. A 

simplified computational approach that can predict interactions between drugs and pharmaceutically 

relevant polymers would therefore be of great value to the development of supersaturating 

formulations in the pharmaceutical industry.  
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4. Aims of the Thesis  

The aim of the thesis studies was to develop and optimize a new workflow to formulate mesoporous 

silica with precipitation inhibitors, leading to the design of robust supersaturating formulations for the 

oral delivery of poorly soluble drugs. This involved five key activities:  

1) Review of the current state of the art of mesoporous silica formulations with respect to 

the importance of drug loading and interactions to the release profile. In addition, 

subsequent supersaturation and precipitation on release were examined and reviewed.  

2) Identification of the critical parameters involved in precipitation inhibition, including 

recent advances in the use of advanced analytical tools for understanding and selecting 

precipitation inhibitors.  

3) Optimization of the formulation method for combining precipitation inhibitors with 

mesoporous silica. This approach shifted away from the standard approach of physically 

combining precipitation inhibitors post-loading.  The number of formulation steps 

required was reduced and the efficiency of precipitation inhibition upon dissolution was 

improved. 

4) Resolution and rationalization of a mechanistic physical analysis of co-incorporated 

drug/PI mesoporous silica formulations, closely examining the importance of drug-

polymer interaction.  

5) Application of new-found knowledge regarding the importance of drug-polymer 

interactions to develop a quantum-chemical based in silico screening tool for the selection 

of optimal precipitation inhibitors for mesoporous silica formulations.  

These goals were achieved by combining advanced and novel analytical tools and in silico models 

identified from an extensive literature review.  
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II. Results and Discussion 

1. Approach  

Precipitation inhibitors, and understanding of how they function, are essential components of modern 

enabling formulations, which is reflected in the large body of work on this topic that has been published 

in the past decade. To form a basis for the thesis studies, a review article covering fundamental 

considerations of supersaturation and precipitation as well as recent innovative efforts combining 

modelling and analytical tools to understand the importance of drug-polymer interaction in effectively 

maintaining supersaturated drug concentrations was prepared (Price et al. 2018). The review revealed 

that formulation scientists can now incorporate top-level analytical tools such as advanced NMR 

spectroscopy techniques to determine the optimal precipitation inhibitor for a given drug.  

While advances in PI selection were identified in the literature review, experimental incorporation 

precipitation inhibitors into supersaturating formulations remains at a basic level, with simple physical 

mixtures being the most common approach.   To rectify this situation, a new processing method for 

combining precipitation inhibitors with mesoporous silica was developed: the co-incorporation 

approach. This development avoids having to add the PI as a physical mixture post-loading by instead 

incorporating the precipitation inhibitor at the very first step i.e. in the solvent-mediated loading of 

drugs onto mesoporous silica (Price et al. 2020). This approach significantly improved the precipitation 

inhibition effect of HPMCAS when combined with mesoporous silica for formulations of celecoxib and 

glibenclamide. One of the key reasons for this enhancement was the generation of drug-polymer 

interactions in the formulation itself, rather than first being generated when the formulation is 

dissolved (which is the case when the drug-loaded silica id physically blended with the PI) (Laine, 2016; 

Price, 2018). The importance of drug-polymer interactions was highlighted in both the review article 

and the co-incorporation studies. Despite this success, there remains a gap between our knowledge 

around the importance of drug-polymer interactions and the practicalities of incorporating this 

consideration in standard formulation development. Although the use of 2D NMR spectroscopy to 
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determine drug-polymer interaction is described in the literature, its routine use is not realistic during 

the early stage of pharmaceutical development where efficiency and time are key. Instead, 

precipitation inhibitors are still routinely selected using trial-and-error based approaches, noting that 

these are also inefficient from a time and resource perspective. Therefore, the next stage of this work 

was to bridge this efficiency-knowledge gap by developing a quick and easy in silico protocol to 

calculate drug-polymer enthalpy using minimal resources (Price et al. 2019).  This was achieved using 

the COSMO-RS model, which combines quantum mechanics and thermodynamics to calculate the 

drug-polymer excess enthalpy of interaction. Combining the new approaches described in this body of 

work will enable development of optimal mesoporous silica formulations in the pharmaceutical 

industry (Figure 7).  

Figure 7. Overview of the thesis   
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2. Selected Compounds  

Three model BCS II compounds, with a broad range of physicochemical properties were selected.  

Glibenclamide  

 

Figure 8. Glibenclamide  

Glibenclamide is an orally administered hypoglycemic drug used for treatment of diabetes, via 

stimulation of pancreatic beta cells to secrete insulin (Furman, et al. 1977).  Glibenclamide is a BCS II 

compound, indicating that the highest dose of the drug is not soluble in 250 mL of water across 

physiological pH range (Amidon, et al. 1995). Glibenclamide has been utilized in a range of 

supersaturating drug formulations, including mesoporous silica (Van Speybroeck, et al. 2011).   

Dipyridamole 

 

Figure 9. Dipyridamole  

Dipyridamole is an anticoagulant that inhibits clot formation via blood vessel dilation and interaction 

and inhibition of phosphodiesterase (Brown, et al. 2015). Dipyridamole is also a BCS II compound. 

Dipyridamole has previously been formulated with amorphous technologies such as spray-dried 

dispersions and hot melt extrusion (Peng, et al. 2018).  
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Fenofibrate  

 

Figure 10. Fenofibrate 

Fenofibrate is the pro-drug form of fibric acid. Fibric acid is used in the treatment of elevated blood 

lipid levels (Staels, et al. 1998). Like glibenclamide and dipyridamole, fenofibrate is a BCS II 

compound. Fenofibrate has been utilized in a wide range of supersaturating drug formulations, 

including mesoporous silica (Dressman et al. 2015).  

Table 2. Physicochemical Property Comparison of the Model Drugs 

Compound Log P pKa (acid) pKa (basic) Molecular Weight FaSSIF Solubility (µg/mL) 

Glibenclamide 5.3 4.3 - 494.0 14.0 

Dipyridamole 4.7 - 6.4 504.6 8.1 

Fenofibrate 1.5 - - 360.8 20.0 

 

3. Selected Polymers  

A wide range of polymers was selected for the polymer database. Initially, polymers were identified 

from the pool of polymers which have been proposed as PIs in the literature. This included those 

typically used in precipitation inhibition and amorphous solid dispersion applications. Expanding upon 

these typical polymers, further polymers approved for pharmaceutical use were chosen from the 

literature and from online databases.   

For input into COSMO-RS, it was necessary to convert polymer structures into smiles notation. Due to 

the restrictions associated with quantum chemistry, it is not possible to consider structures larger than 
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50000 Da. Therefore, polymer structures were represented as trimers in the in-silico screening. This 

was not deemed counterproductive to the study, as the hypothesis was related to local molecular 

interactions, which are assumed to be sufficiently captured by trimer sequences of the polymer.  

The following polymers were included in the database, along with lactose and sorbitol:  

Alginic acid gum Polyethylene oxide (PEO) 

Cellulose acetate phthalate (CAP) Polylactic acid (PLA) 

Chitosan Polylactide-co-polyglycolide (PLGA) 

Eudragit EPO Poly (methyl methacrylate) (PMMA) 

Eudragit L100 Polyvinyl acetate (PVAc) 

Eudragit RL100 Polyacetylene 

Hydroxyethyl methyl cellulose (HEMC) Polyether polyol 

Hydroxypropyl methyl cellulose (HPMC) Polyethylene Imine 

Hydroxypropyl methyl cellulose acetate succinate 

(HPMCAS) 

Polyvinyl acetate-co-poly (methyl methacrylate) 

(PVAc-PMMA) 

Hydroxyethyl cellulose (HEC) Polypropylene glycol (PPG) 

Lactose Poly (vinyl alcohol) (PVA) 

Locust bean gum Poly (vinyl alcohol)-co-polyvinylpyrrolidone 

(PVA-PVP) 

Methyl cellulose Polyvinylpyrrolidone (PVP) 

Polyethylene glycol (PEG) Sodium carboxymethyl cellulose (SCMC) 

Polyglycolide (PGA) Sorbitol 
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4. Co-incorporation: A New Method to Combined Precipitation Inhibitors with Mesoporous Silica  

4.1 Approach 

To date no systematic study of how best to incorporate precipitation inhibitors into mesoporous silica 

formulations has appeared in the scientific literature. The current standard practice involves combining 

inhibitors in a physical mixture with the drug-loaded silica, either with a mortar and pestle or by 

overhead stirring. Due to the lack of a standard protocol, there is uncertainty about how reliably the 

precipitation inhibitor is combined with the drug-loaded silica on a batch to batch basis. In addition to 

the practical limitations of the approach, the incorporation of inhibitor post-loading represents a 

potentially unnecessary and not insignificant step in the formulation procedure. By contrast, co-

incorporating the PI alongside the drug not only abbreviates the formulation manufacturing procedure 

but can also improve the dissolution performance of the formulation. Previous work by the author 

demonstrated how incorporation of HPMCAS alongside celecoxib onto mesoporous silica substantially 

improved both in vitro and in vivo performance of the poorly soluble drug (Laine et al. 2016).  Still, to 

gain more traction in the field, further evidence was needed a) to demonstrate that a co-incorporation 

approach can significantly improve the performance of drug-loaded silica formulations, and b) to 

resolve the mechanisms behind this formulation performance enhancement via robust and extensive 

analytical characterization of the co-incorporated formulation. 

Glibenclamide was the drug selected for these studies. One of the key concerns of the co-incorporation 

approach is whether the accessibility of larger molecules to the porous network is hindered by the 

presence of a polymer. This was addressed with glibenclamide, which is a relatively large molecule with 

a molecular weight of 494 Da. Glibenclamide is also optimal from an analytical perspective due to the 

presence of fluorine in the molecule, which enables it to be tracked using energy dispersive x-ray 

scanning electron microscopy (EDX SEM). This tool could then be leveraged to track the location of the 

drug within the co-incorporated formulations, to help build a mechanistic rationale for the co-

incorporated formulation performance.  
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HPMCAS was the polymer selected for the mechanistic study. HPMCAS is a well-established PI and has 

a track record in the literature of successfully sustaining supersaturated solutions for a range of drugs 

(Warren et al. 2010; Price et al. 2018; Laine et al. 2016). For example, Laine and co-workers 

demonstrated the successful precipitation inhibition of supersaturated celecoxib with HPMCAS in both 

single-medium FaSSIF dissolution and transfer dissolution (Laine et al. 2016). HPMCAS has been 

regularly combined with mesoporous silica formulations to successfully sustain supersaturated drug 

concentrations. For glibenclamide, HPMCAS has the capacity to interact with the drug via hydrogen 

bond interactions, which have been shown to be crucial for successful precipitation inhibition. (Price 

et al. 2018; Price et al. 2019) Additionally, it has been demonstrated that HPMCAS successfully 

sustained supersaturated concentrations of glibenclamide in a solvent-shift-based precipitation 

inhibitor experimental screen (Ueda et al. 2015). 

4.2. Solid State of Formulations  

Loading of glibenclamide onto mesoporous silica, both with and without HPMCAS, resulted in 

successful shift from a crystalline to an amorphous solid-state form. Encouragingly, the inclusion of 

HPMCAS in this process did not have an impact on the ability of the drug  to enter the pores, in line 

with earlier findings in which HPMCAS was successfully co-incorporated during the loading of celecoxib 

onto mesoporous silica without any impact on the final solid-state form of the formulation                 

(Laine et al. 2016). This work paralleled attempts at incorporating mesoporous silica in HME platforms, 

in which Hanada and co-workers demonstrated that silica could be successfully utilized alongside 

HPMC to yield a high drug-load, ternary drug-silica-polymer system (Hanada et al. 2018).  
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Figure 11. XRPD pattern for crystalline glibenclamide (GB) (a), glibenclamide loaded silica (b), co-

incorporated GB/HPMCAS loaded silica (c) and GB and HPMCAS prepared by rotary evaporation (d).  

One significant difference, however, was the appearance of the particles when HPMCAS was 

incorporated during the loading process. The particles in the co-incorporated sample looked 

significantly bigger and different in shape than the simple drug-loaded silica samples (Figure 12). Upon 

further investigation, it was observed that these large particles consisted of polymer plates upon which 

drug-loaded silica was dispersed.  This is analogous to a standard polymeric amorphous solid dispersion 

and is believed to be the first example of a solid dispersion of loaded silica to be described in the 

literature.  
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Figure 12. Left: SEM of unloaded mesoporous silica (a), glibenclamide loaded silica (b), glibenclamide 

loaded silica + HPMCAS blend (c) and co-incorporated glibenclamide/HPMCAS loaded silica (d). Right: 

SEM EDS of co-incorporated glibenclamide/HPMCAS loaded silica showing carbon (yellow), silicon 

(purple) and chlorine (pink) atoms are highlighted. Chlorine is a marker for glibenclamide. 

4.3 Experimental Considerations for Dissolution Selection  

Recently, there has been a shift away from traditional sink dissolution tests towards non-sink 

dissolution for supersaturating formulations (Augustijns et al. 2012; Sun et al. 2015). The reason for 

this shift is that supersaturation and precipitation are unlikely to be detected und sink conditions. Most 

supersaturating formulations are now routinely characterized in non-sink dissolution tests. However, 

unless the effect of transfer of the formulation out of the stomach into the small intestine can be 

considered, a robust in vitro-in vivo correlation can be hard to obtain. Although supersaturation results 

in single-medium (e.g. FaSSIF) dissolution tests may seem promising, the full extent of precipitation 

can often only be realized by generating transfer dissolution data. Supersaturation or a higher 

thermodynamic solubility of the drug in gastric fluid may trigger the generation of seeds when the 

solution is transferred to the intestine. In some cases, this results in significantly poorer dissolution 

performance of the formulation in the FaSSIF portion of the experiment, with no enhancement versus 

the crystalline drug substance (Kambayashi, et al. 2019).  During investigation into the co-incorporation 
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approach, biorelevant transfer dissolution experiments were utilized to capture the full precipitation 

inhibition picture, and to help elucidate a mechanistic rationale.  

4.4. Dissolution of Simple Blends: The Importance of Precipitation Inhibitors  

Based on the dissolution of silica loaded with pure glibenclamide (Figure 13), it is clear that a PI is 

required to sustain the supersaturation over a physiologically relevant timescale. Although a simple 

blend with HPMCAS did have a marked effect on the dissolution compared to pure glibenclamide-

loaded silica, it did not successfully sustain supersaturation, with concentrations falling towards that 

of the crystalline drug substance by the end of the experiment.  

 

Figure 13. (left) FaSSIF mini-dissolution (37c, pH 6.5) and (right) transfer dissolution of glibenclamide 

(diamonds), glibenclamide loaded silica (crosses) and glibenclamide loaded silica + HPMCAS blend 

(circles). Equilibrium solubility is shown by the dashed lines. Equilibrium solubility in SGF is below limit 

of detection.  

XRPD on the solid residues from both experiments revealed drug crystallinity (Figure 14), suggesting 

the precipitation inhibition effect of the polymer in the simple blend was only temporary. For the 

transfer dissolution, the crystallinity observed in the post-SGF residue was especially important, as the 

formation of seed crystals early in the experiment has the potential to increase the precipitation rate 

in the intestinal portion of the experiment, suggesting that the full formulation potential had not been 

realized.  
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The effect of seed crystals on the precipitation of supersaturated drugs is well-known. Patel and 

colleagues demonstrated the increased precipitation rate of supersaturated indomethacin in the 

presence of seed crystals, compared to in their absence (Patel et al. 2013). This effect is related to first 

principles of nucleation and crystallization, in which a solid precipitate can act as a trigger for 

heterogeneous nucleation, reducing the critical nuclei induction time (Price et al. 2018). Therefore, 

although blending glibenclamide loaded silica with HPMCAS improved the formulation performance 

relative to the loaded silica alone, the precipitation inhibition is not optimal, and significant 

precipitation still occurs during dissolution.  

 

Figure 14. XRPD patterns for post-FaSSIF dissolution residues for (a) glibenclamide loaded silica and 

(b) glibenclamide loaded silica + HPMCAS blend 

4.5. Co-Incorporating HPMCAS in the Loading Method: Precipitation and Dissolution  

 In contrast to the simple HPMCAS blend, incorporating HPMCAS during the loading step resulted in a 

substantial and sustained supersaturation in the single medium-FaSSIF dissolution assay (Figure 15). 

Furthermore, the post-dissolution residue for the co-incorporated formulation was amorphous, 

suggesting the co-incorporated HPMCAS was able to more effectively inhibit precipitation than when 

simply blended with the formulation (Figure 15).  
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Figure 15. Left: FaSSIF mini-dissolution (37°C, pH 6.5) of glibenclamide (diamonds), glibenclamide 

loaded silica + HPMCAS blend (circles) and co-incorporated HPMCAS/GB loaded silica (triangles). 

Thermodynamic solubility is shown by the dashed line. Right: XRPD residue of co-incorporated 

HPMCAS/GB loaded silica post-FaSSIF dissolution. Bottom: Appearance of glibenclamide loaded silica 

(a), glibenclamide loaded silica + HPMCAS blend (b) and co-incorporated GB/HPMCAS loaded silica (c) 

dispersed in simulated gastric fluid.  

In line with the previous discussion on the importance of transfer dissolution tests for supersaturating 

formulations, it is in this experiment that the true potential of the co-incorporation approach can be 

observed. In contrast to both the simple, drug-loaded silica and its physical blend with the PI, no drug 

was released from the co-incorporated sample in the SGF portion of the assay, and the residue 

remained amorphous.  
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Figure 16. Left: Biorelevant transfer dissolution of glibenclamide loaded silica (squares), crystalline 

glibenclamide (diamonds), glibenclamide loaded silica + HPMCAS blend (circles) and co-incorporated 

glibenclamide/HPMCAS loaded silica (triangles). Thermodynamic solubility is shown by the dashed line. 

Thermodynamic solubility in SGF was less than the limit of detection. Right: XRPD pattern of co-

incorporated GB/HPMCAS loaded silica post-transfer dissolution.  

The mechanism for this significant benefit is that the HPMCAS plates remain intact and thus the drug-

loaded silica remains immobilized under gastric conditions, preventing drug release from the silica and 

the formation of seed crystals. These results demonstrate clearly that changing the manufacturing 

process, without changing the qualitative and quantitative composition of the formulation, can 

introduce new properties to the formulation. By incorporating the HPMCAS alongside the drug in the 

loading process instead of merely physically blending it in, enteric properties were easily introduced 

without the addition of extra excipients, coating processes or special capsules, which are typically 

required to prevent drug release in the stomach (Qiu, 2017). The enteric property should be especially 

advantageous in the delivery of poorly soluble weakly basic compounds, for which premature release 

in the stomach and subsequent supersaturation followed by precipitation in the small intestine could 

be avoided by this approach. 

Combination of weak bases with mesoporous silica has been investigated as a potential formulation 

approach. For example, Van Speybroeck and colleagues described the improved oral absorption of 

itraconazole loaded silica in rats. However, the authors found that HPMCAS-based silica formulations 
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were unsuccessful in preventing the release and precipitation of the drug in the stomach and therefore 

absorption was not optimized (Van Speybroeck et al. 2010). It is reasonable to assume from the 

glibenclamide studies described above that a HPMCAS-based co-incorporated formulations would be 

a suitable way forward to improving the in vivo absorption of poorly soluble weak bases by avoiding 

release in the stomach. However, further work is needed to verify the advantages of the co-

incorporation approach in a range of poorly soluble weak bases. 

A critical factor for effective precipitation inhibition is the presence of drug-polymer interactions (Price 

et al., 2018). Specifically, hydrogen bond interaction, hydrophobic interactions and Van de Waals 

interactions have all been shown to play a critical role in the inhibition of precipitation                         

(Prasad, et al. 2016; Schram, et al. 2015; Warren et al. 2015; Price et al. 2018). Therefore, one 

hypothesis for the improved precipitation inhibition of the co-incorporated formulation was the ‘pre-

formation’ of drug-polymer interactions in the solid state. This was confirmed by solid-state NMR data, 

which showed a peak-shift indicative of interaction in the co-incorporated sample, but not in the simple 

blend (Figure 17).  

 

Figure 17. 13C NMR spectra for different formulations studied in the co-incorporation study, showing a 

distinct spectral shift for the co-incorporated samples, indicative of a molecular interaction.  
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SS-NMR spectroscopy was carried out on all samples (Figure 17). The 13C peaks for the drug were 

identical in all samples except the co-incorporated formulation. In the co-incorporated formulation, a 

low field shift of 0.2 – 0.5 ppm for all drug peaks was observed. For example, the characteristic drug 

peak at 53 ppm was observable in all samples except the co-incorporated formulation, in which the 

peak shifted to 53.5 ppm. This is indicative of an interaction taking place between the drug and the 

polymer in the solid state, which can take place once the drug is immobilized in the silica and 

subsequently in the HPMCS plate. The results suggest that solid-state drug-polymer interactions and 

hence dissolution performance can be altered by changing the method used to manufacture the 

formulation. Demonstration of a solid-state interaction between the HPMCAS and the drug in the co-

incorporated formulations provided further rational for the importance of such interactions on the 

effective performance of a precipitation inhibitor.  

4.6. Co-incorporated Formulations: Just a Solid Dispersion?  

Polymeric amorphous solid dispersions are the most common amorphous formulation technology 

applied. In particular, ASDs produced by spray-drying from organic solution are regularly used in 

commercial formulations (Timpe, et al. 2007). Therefore, it was important to rule out the possibility of 

a polymeric ASD being formed during the removal of solvent in the rotary evaporator step, with the 

silica having no impact on the overall performance. To assess this, a control sample consisting of 

HPMCAS-glibenclamide, i.e. without mesoporous silica, was prepared by evaporation from an organic 

solvent.  Visually, the control sample appeared similar to the co-incorporated formulation, with plate-

like particle observed in SEM (Figure 18). However, EDS data showed that the drug substance was no 

longer only confined within the polymer platelets, and instead was distributed throughout the entire 

sample (Figure 18).  
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Figure 18. SEM (left) and EDS (right) images of glibenclamide and HPMCAS prepared by solvent 

evaporation shows the same particle size and morphology as the co-incorporated samples. However, 

in this sample the drug (indicated by green) is no longer confined within the polymer plate and is freely 

distributed  throughout the sample. 

Without the nano-confinement effects of the silica (Ditzinger, et al. 2018; Ditzinger/Price, et al. 2019), 

the drug was able to re-crystallize, which was observed in the XRPD (Figure 11). Ultimately, this 

resulted in the control sample showing no improvement in FaSSIF dissolution versus crystalline drug 

(Figure 19). These results are in stark contrast to the co-incorporation formulation, where the drug 

was confined within the mesoporous silica particles, which in turn were immobilized in the polymer 

platelets and released only when the formulation was subjected to intestinal conditions. 
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Figure 19. FaSSIF Mini dissolution (37c, pH 6.5) of the control sample, GB/HPMCAS prepared via 

rotary evaporator (X) compared to co-incorporated GB/HPMCAS loaded silica (triangles), GB loaded 

silica + HPMCAS blend (circles), and crystalline glibenclamide (X).   

Finally, even if a portion of the sample was able to remain amorphous in the polymer platelets, the 

lack of drug-polymer interaction (as indicated by the solid-state NMR spectra from the control sample) 

would lead to a reduction in the precipitation inhibition effect of the polymer (Figure 17). Thus, it can 

be concluded that the silica and the polymer played a synergistic role in the co-incorporated 

formulation, which out-performed both the physical blend and the control.  

4.7 Mechanistic Rationale  

Incorporating the precipitation inhibitor alongside the drug when loading onto mesoporous silica 

substantially improves formulation performance compared to a simple physical blend. Both dissolution 

and supersaturation were improved in both single-medium FaSSIF dissolution and biorelevant transfer 

dissolution. Furthermore, the co-incorporation approach allowed the removal of a time-consuming 

and inefficient blending step. To provide a physical mechanistic basis for the improved performance, a 

range of spectroscopic tools was utilized. It was concluded that the improved dissolution performance 

is a synergistic effect related to two key factors: formation of drug-polymer interactions in the solid 

state, and lack of release and premature precipitation under gastric conditions due to the 

immobilization of drug-loaded silica particles within the enteric HPMCAS plates (Figure 20). Crucially, 

both properties are absent in a simple blend of HPMCAS with the drug-loaded silica. The incorporation 

of precipitation inhibitors with the drug during loading onto mesoporous silica formulations has the 

potential to improve both the process and formulation efficiency in the development of poorly soluble 

drugs and underlines the importance of effective drug-polymer interactions in inhibiting precipitation 

from mesoporous silica formulations. 
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Figure 20. Mechanistic rationale for enhanced performance of co-incorporated PI/drug loaded silica 

formulations. 

5. In Silico Pharmaceutics: A New Method to Select Precipitation Inhibitors for Mesoporous Silica  

5.1 The Role of Molecular Interaction: Quality by selection 

The mechanistic rationale for improved formulation performance with the co-incorporation approach 

reaffirms the importance of drug-polymer interactions in successful precipitation inhibition. However, 

the polymer selected, HPMCAS, demonstrated solid-state interactions only when it was co-

incorporated rather than simply blended into the formulation. Although this was a positive outcome, 

it suggests that there is still further room for improvement by selecting a precipitation inhibitor that 

interacts optimally with the drug, i.e. able to generate an effective and strong precipitation inhibition 

effect while avoiding an overly strong interaction with a slow off-rate. Such an approach, “quality by 

selection”, could enable optimization of the formulation process for supersaturating systems. There 

have been previous attempts at rationalizing drug-polymer interactions in precipitation inhibition, but 

those approaches are mostly complicated and therefore not practicable for screening in early 

pharmaceutical development (Price et al. 2018).  On the other hand, current empirical experimental 

screening approaches can be intensive both from a time and labor perspective, as well as a resource 

perspective in terms of the amount of drug required, which may be difficult due to paucity of available 

compound in the early stages of development (Price et al. 2018). Therefore, an approach that can 
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incorporate understanding of the drug-polymer interactions with a quick and efficient screening 

process would be very useful. For this purpose, the Conductor like Screening Model for Real Solvent 

(COSMO-RS), which was developed by Klamt (Klamt, et al. 1993; 1995; 2003), is a highly interesting 

prospect.   

5.2 COSMO-RS: Combining Quantum Chemistry and Thermodynamics  

The conductor like screening model (COSMO) is a quantum mechanical solvent-based theory that is 

used to generate sigma surface profiles for molecules of interest (Klamt, et al. 1993; 1995; 2003). This 

is achieved via conventional quantum chemistry, which treats molecules in isolation at T = 0 K within 

a cavity inside a dielectric continuum (Figure 21) (Klamt, et al. 1993; 1995; 2015). The polar surface 

distribution, or σ profile, of this cavity is solved using the Schrodinger equation. The σ profile describes 

the distribution of charge throughout the cavity surrounding a molecule and, as such, the charges 

counteract that of the molecule. For example, the electron withdrawing ability of oxygen results in a 

small 𝛿- charge on the oxygen atom, this is counteracted with a positive σ charge in the molecular 

cavity (Klamt, et al. 1993). 

 

Figure 21. COSMO applies quantum mechanical methods to calculate the polar surface cavity of a 

molecule in isolation at 0 K. The charge distribution in the polar cavity counteracts the charge 

distribution of the molecule. Taken from the COSMOlogic website, with permission. 

The chemical potential, µ, can be derived from sigma profiles. This is very useful as chemical potential 

can be used to calculate thermodynamic parameters of interest. However, due to the assumptions 
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applied by COSMO, this process is unreliable for all but the most neutral compounds                                      

(Klamt, et al. 1995)  

Thus, COSMO-RS (Conductor like Screening Model for Real Solvents), was developed in order to extend 

applicability of this theory to real-world problems. COSMO-RS implements COSMO as highlighted 

above to generate σ profiles, however, it then assumes that the sigma profile segments are in close 

contact and can interact with one another in a pair-wise fashion (Klamt, et al. 1995) (Figure 22).  

 

Figure 22. COSMO-RS is a statistical thermodynamic theory that assumes sigma profile surface 

segments can come in contact and interact in a pairwise fashion  

Application of COSMO-RS allows the calculation of the sigma potential of a mixture of two systems 

(Klamt, et al. 1995). The sigma potential is calculated by considering the energy requirements of 

combining sigma segments of one system within the sigma surface of the other (Klamt, et al. 1998).  

Assuming a system consisting of Compound A and Compound B:  First, a segment must be removed 

from A to create a cavity for the incorporation of segment B; this requires energy associated with 

removing pre-existing contacts between A-segments, -µs(A). Second, the new B-segment must be 

added to the cavity in sigma surface A; this involves forming new interactions between A and B, with 

related energy costs and gains associated with the two segments interacting, E (B, A), referred to as 

the COSMO-RS energy. Taken together, these two energy terms describe the thermodynamic cost of 

combining one B sigma-segment with a one cavity in the sigma-surface of A. To solve the energy cost 

for the whole system, this calculation is carried out iteratively for all possible combinations of A and B 

sigma-segments (Equation 12). This value is referred to as the Sigma Potential of A and B.  
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µ𝑠(𝐴, 𝐵) =  −𝑘𝑇𝑙𝑛 ∫ 𝑝𝑠( σA) exp {
𝐸(σA,σB)−µ𝑠(σB)

𝑅𝑇
} dAσ     (Equation 12) 

This equation has high real-world applicability as the COSMO-RS energy term, E (B, A), is calculated 

such that all binding modes (electrostatic, hydrogen bonding, van der Waals and combinatorial) are 

considered in the equation (Equations 13-15). 

Electrostatic interaction: 

𝐸𝑐𝑜𝑙𝑜𝑢𝑚𝑏(σ) =
𝛼

2
(σ + σ′)2                         (Equation 13)  

where α is an adjustable parameter that is calculated in situ via parameterization, and σ and σ’ are the 

solute and solvent segment, respectively.  

Hydrogen bond interactions:  

𝐸ℎ𝑏(σ) = 𝑐hb𝑇𝑚𝑎𝑥[0, σ𝑎𝑐𝑐 − σℎ𝑏] 𝑚𝑖𝑛[0, σ𝑑𝑜𝑛 + σℎ𝑏]   (Equation 14) 

where σ𝑎𝑐𝑐 and σ𝑑𝑜𝑛 are the sigma profile densities of the hydrogen bond acceptor and donor, 

respectively. 𝑐hb and σℎ𝑏 are the adjustable parameters corresponding to the hydrogen bond prefactor 

and the hydrogen bond threshold, respectively. This equation is constructed with minimum and 

maximum thresholds to ensure that the screening charges exceed the required values for hydrogen 

bonding to occur.  

Van der Waals interactions: 

𝐸𝑣𝑑𝑤 = ∑ 𝛾𝑘𝐴𝑘𝑘                                            (Equation 15)  

where the dispersion energy, 𝐸𝑣𝑑𝑤, is related to the surface area of the contact point, A, on the specific 

element, k, and on an adjustable pre-factor, γ.  

From the sigma potential of A, B the chemical potential can be derived, from which a wide range of 

thermodynamic parameters can be calculated.  

Chemical Potential A, B:  
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The full implementation of COSMO and COSMO-RS can be carried out using the software COSMOtherm 

with both quantum mechanics and thermodynamics being carried out by the software. The rate 

determining step in this process is, by far, the quantum mechanical calculations. Depending on the 

complexity of the molecules in question, these calculations can take days or weeks and require a large 

amount of computing power. This is especially problematic for screening purposes, which should be as 

quick and efficient as possible. Of course, there is the option of bypassing the need for quantum 

mechanics calculations if the σ profile of the molecule of interest is already in the master database. 

This, is, however, especially unlikely for complicated organic molecules, especially drug candidates in 

development. 

To avoid this time intensive step, one can create additive sigma surfaces based on pre-calculated 

fragments stored in a database. This database is available in the software package COSMOquick 

(Loschen, et al. 2012). In short, when a molecule is entered into COSMOquick the database is searched 

for molecules with similar chemical structures. The relevant parts of these sigma profiles are then 

either ‘switched on’ or ‘switched off’ and combined to form a new sigma profile for the molecule in 

question (Figure 23). This additive sigma profile can then be used in combination with COSMO-RS in 

the same way described above. (Loschen, et al. 2012)  

 

 

Figure 23. COSMOquick applies a fragmentation-based approach to predict the sigma profile of 

unknown molecules. This avoids the use of time-consuming quantum mechanical calculations. Taken 

from the COSMOlogic website, with permission.  



 

P a g e  82 | 286 

 

This equation is constructed with minimum and maximum thresholds to ensure that the screening 

charges exceed the required values for hydrogen bonding to occur.  

 

Figure 24. Chemical potential, and in turn a wide-range of thermodynamic properties, can be derived 

from sigma profiles using COSMO-RS theory. Sigma profiles can be obtained by two ways, either 

through de novo quantum chemical calculations or through an additive combination of previously 

calculated molecular fragments stored in a large database. The former approach is applied in the full 

COSMO calculation, whilst the latter is applied in the software package COSMOquick (bottom). 

5.3 COSMO-RS for Precipitation Inhibitor Screening: Theory  

As previously discussed, the interaction between drug and polymer is essential for effective 

precipitation inhibition (Price et al. 2018; Price et al. 2020). The interaction is complex, essentially 

involving a ternary system where drug, polymer and water all interact to various degrees. Current 

methods, such as PC-SAFT, would be able to capture such a system but would involve a large amount 

of time and computing intensity (Paus, et al. 2015). We propose a simplified approach, in which the 

mixing (or excess) enthalpies of drug and excipient are calculated using COSMOquick. This estimated 

enthalpy is then used to rank potential precipitation inhibitors based on the strength of their molecular 
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interaction with the drug substance. It is hypothesized that this novel in silico protocol can be used to 

screen potential precipitation inhibitors, allowing for a more focused selection to be carried out and 

thus significantly reducing the experimental burden of screening many potential inhibitors by trial and 

error, whilst ensuring the selection of an optimal inhibitor.  

 

Figure 25. Workflow to determine optimal precipitation inhibitors for supersaturating formulations 

using the in silico computational tool COSMO-RS   

COSMOquick (COSMOlogic, Germany, Version 1.6) was used to calculate excess enthalpy of interaction 

between drug and polymer. Polymer structures were approximated as trimers, since the quantum 

chemical calculations cannot capture the full complexity of large molecules like polymers. 

Furthermore, this was not deemed critical to the study as the hypothesis was related to local molecular 

interactions, which are assumed to be sufficiently captured by trimer forms of the polymer. Ratio of 

drug: PI was set at 1:3 to align with the ratios used in the formulations, and the temperature was set 

at 37 °C.  With this approach, 52 calculations can be carried out in just 5 minutes.  
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5.4 Incorporation of Precipitation Inhibitors with Mesoporous Silica Formulations  

Although incorporating precipitation inhibitors alongside the drug in mesoporous silica formulations 

was a main theme of the doctoral studies, this formulation approach was not included in the 

development of the in-silico screening approach. This was to ensure that any relationship between the 

calculated drug-polymer interactions and the overall formulation performance was related only to the 

innate precipitation inhibition potential of the polymer, and not to processing techniques.  

5.5 COSMO-RS for Precipitation Inhibitor Screening: Output  

Using the COSMO-RS screening protocol, excess enthalpy of interaction upon mixing drug and polymer 

can be calculated for a given drug in combination with ~50 potential precipitation inhibitors in as little 

as five minutes. This represents a significant time saving versus traditional experimental screening. All 

potential inhibitors can be assessed using enthalpy of interaction as a rank-order parameter, which is 

designated the “COSMO Rank” (Figure 5 a-c). This is related to the hypothesis that the more negative 

the enthalpy, the higher the chance of successful precipitation inhibition based on interactions 

between drug and PI.  

The output from all three polymer screenings is shown in Figure 26.  Without consideration of the 

dissolution data, the initial observations point towards a correlation between predicted performance 

and experimental performance. For example, Chauhan and co-workers reported that Eudragit EPO and 

HPMC were the most successful polymers to inhibit precipitation of dipyridamole vs. a selection of 

alternative polymers (Eudragit S100, Eudragit RL100, PEG and PVP) (Chauhan et al. 2014). Importantly, 

the initial COSMO-RS calculations were able to predict the poor ability of PVP to inhibit dipyridamole 

precipitation experimentally, since a positive enthalpy of interaction was predicted. This was observed 

experimentally in the same study by Chauhan and co-workers.    
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P a g e  86 | 286 

 

 

Figure 26. COSMO-RS Screen: calculated excess enthalpy of interaction between dipyridamole (a), 

glibenclamide (b) and fenofibrate (c) with a range of potential precipitation inhibitors. Polymers 

studied experimentally to test the correlation are highlighted as dark bars: Eudragit EPO, Pluronic (PLR), 

PEG, HPMCAS, PVP, HPMC, Eudragit RLPO, PMMA and Chitosan.  

The advantages of the COSMO-RS screening method can be readily seen by comparing it to traditional 

screening approaches. For example, Petrusevska et al. employed an experimental high-throughput 

screening to arrive at the conclusion that cellulose-based polymers were most effective in inhibiting 

precipitation of carbamazepine, in contrast to fenofibrate, which performed best in the presence of 

surfactant. (Petrusevska et al. 2013). This was achieved using a combination of solvent-shift method 

and off-line chromatography. There are two main limitations to this experimental approach. First, 

inclusion of organic solvents in order to generate supersaturated concentrations provides some 

uncertainty due to the potential impact of the solvent on the dissolution, interaction and 

supersaturation of the drug-polymer mixtures. Second, although there have been significant advances 

in throughput, there is a still a practical limit to the number of polymers that can be reasonably 

screened using these experimental platforms. Illustratively, the top-performing polymers indicated by 
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the in-silico screening protocol were not included in the Petrusevska studies. This shows that 

experimental screening limits the polymer selection space and reduces the likelihood that the best 

polymer will be found. Instead, from a selection of standard polymeric precipitation inhibitors such as 

PVP, HPMCAS and HPMC a “good enough” polymer will be identified.  This approach introduces a large 

amount of uncertainty as to whether the most efficient formulation has been realized and, as observed 

in our theoretical calculations, these polymers are often mediocre compared to the extended polymer 

toolbox (He, et al. 2010; O’Shea, et al. 2017; Laine, et al. 2016; Vora, et al. 2016) 

5.6. Correlation between COSMO-Rank and Formulation Performance  

The correlation between the rank order predicted by COSMO and the rank order observed in the 

dissolution experiments was determined to be 0.91 (0.001, p<0.05), 0.81 (0.01, p<0.05) and 0.61 

(0.076, p<0.5) for dipyridamole, glibenclamide and fenofibrate, respectively (Table 3-5). For 

dipyridamole and glibenclamide, this indicated a very strong positive correlation between COSMO 

prediction and formulation performance. This demonstrates that the COSMO-RS screening protocol 

can be used to select the most optimal precipitation inhibitors whilst avoiding the costly and time-

consuming experimental screening. For fenofibrate, a positive correlation was observed between the 

prediction and results, but to a lesser extent, and was especially impacted by the poor performance of 

PEG (see section 6.5).  
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Table 3.  Spearman’s rank correlation coefficient analysis: dipyridamole results  

 

Polymer 
Calculated Enthalpy  

(kJ/mol)  

AUC (µg·mg 
mL-1) 

COSMO 
Rank  

Dissolution 
Rank  

Eudragit EPO -6.84 29000 1 1 

PLR -3.45 14000 2 3 

PEG -3.08 8600 3 5 

HPMC -2.12 19000 4 2 

HPMCAS -2.01 13000 5 4 

Eudragit RLPO -1.55 6600 6 6 

PMMA -1.46 5800 7 7 

PVP -1.23 5300 8 8 

Chitosan 1.28 5100 9 9 

Spearman’s Rank 
Correlation Coefficient  

0.91  Significance  
0.001 

P < 0.05 

  

 

Table 4. Spearman’s rank correlation coefficient analysis: glibenclamide results 

Polymer 
Calculated Enthalpy  

(kJ/mol)  

AUC (µg·mg 
mL-1) 

COSMO 
Rank  

Dissolution 
Rank  

Eudragit EPO -4.96 11000 1 1 

PLR -4.70 7200 2 2 

PEG -3.92 960 3 7 

HPMC -2.17 6000 4 4 

HPMCAS -1.55 6100 5 3 

Eudragit RLPO -1.03 2100 6 5 

PMMA -0.72 2000 7 6 

PVP -0.64 600 8 8 

Chitosan 1.44 100 9 9 

Spearman’s Rank 
Correlation Coefficient  

0.81  Significance  
0.01 

P < 0.05 
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Table 5. Spearman’s rank correlation coefficient analysis: fenofibrate results 

Polymer Calculated Enthalpy (kJ/mol)  
AUC (µg·mg 
mL-1) 

COSMO 
Rank  

Dissolution 
Rank  

PMMA -2.07 10000 1 3 

PLR -1.24 9000 2 4 

PEG -1.21 5200 3 7 

Eudragit EPO -0.62 19000 4 1 

Eudragit RLPO -0.37 13000 5 2 

PVP -0.26 5400 6 5 

HPMCAS 0.31 5300 7 6 

HPMC 0.55 4200 8 8 

Chitosan  1.88 1700 9 9 

Spearman’s Rank 
Correlation Coefficient  

0.63 Significance  
0.08 

P < 0.05 

 

From a mechanistic perspective, the COSMO approach is highly attractive as all potential modes of 

interaction are considered in the calculation. Specifically, when considering the total energy required 

to combine sigma contacts of the drug and polymer molecules, the sigma potential is calculated (psσ’). 

One key component of this energy term is the COSMO-RS energy co-efficient E (σ, σ^’), which considers 

all major modes of molecular interaction including hydrogen bond, coloumbic and Van der Waals 

interactions. All these modes of interaction have been shown to have a pivotal impact on the overall 

precipitation inhibition performance of a polymer (Price, et al. 2018). The most common interactions 

are hydrogen bond and Van de Waals interactions (Warren, et al. 2010). Eudragit EPO is a good 

example, being the best performing polymer in both the calculation screening and experimental 

dissolution. There are several publications reporting that the superior inhibitory potential of Eudragit 

EPO is related to strong hydrogen bonding and hydrophobic interactions (Price, et al. 2018;              

Higashi, et al. 2014). These authors recorded hydrophobic interactions between the aromatic portion 

of the drug and the EPO polymer backbone as well as a hydrophilic hydrogen bond interaction between 
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the amino alkyl groups of EPO and the carbonyl groups of the drug in solid state NMR spectroscopy. 

Such strong interactions between Eudragit EPO and all the drugs studied are possible, hence the good 

performance of this polymer in both the in silico and experimental screenings.   

Furthermore, considering the precipitation inhibitors that did not perform well, one can relate the 

calculation, dissolution performance and potential points of interaction from a mechanistic 

perspective. One of the interesting cases here is the lack of successful inhibition of dipyridamole 

precipitation by PVP. As previously mentioned, PVP is one of the polymers most commonly used as a 

precipitation inhibitor. However, PVP has been shown to be ineffective in sustaining dipyridamole in 

solution. Chauhan and colleagues demonstrated that no interaction takes place between PVP and 

dipyridamole in the solid state or in solution (Chauhan et al. 2013). This was successfully identified by 

the COSMO screen and is reflected in the dissolution performance of the formulation in this study.  

Ultimately, these robust mechanistic calculations increase the successful prediction of drug-PI 

interaction and thus precipitation inhibition, as reflected in the strong positive correlations achieved 

between the COSMO-rank and the final formulation performance.  

5.7. Limitations of the Approach  

COSMO-RS does not take into consideration the impact of water on the interaction between the drug 

and PI. It has been widely reported that for a precipitation inhibitor to successful sustain drug into 

solution, it must interact with both the drug and the water in the medium or GI tract (Ting, et al. 2016; 

Schram, et al. 2015; Price, et al. 2018). This simplification becomes especially problematic when 

considering polymers that have very high hydrophobicity or hydrophilicity, as demonstrated by Schram 

and co-workers (Schram, et al. 2015; Schram, et al. 2016). From the data presented in this study, the 

COSMO prediction for PEG does not correlate to the overall dissolution performance, with PEG being 

the major deviation in the correlation for all three drugs. This is likely related to the hydrophilicity issue. 

PEG is very hydrophilic and will bind and interact preferentially with water, this reduces the interaction 

with the drug and therefore in failure to realize the desired precipitation inhibitor performance. When 
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the Spearman’s rank correlation coefficient analysis was repeated without PEG, the correlation 

between COSMO-rank and dissolution-rank significantly improved to 0.98 (0.0004, p<0.05) for 

dipyridamole and glibenclamide. Furthermore, the fenofibrate correlation, which was previously 

weaker and did not pass significance improves to 0.8 (0.022, p<0.05) and passes the significance test.    

These results show that the COSMO-RS protocol should be applied with the foresight that outliers and 

exceptions may be possible for very hydrophobic and hydrophilic inhibitors. To improve the model, 

logP could be calculated for all of the trimers within the inhibitor database, and with further work, an 

upper and lower logP threshold could be incorporated to remove any false positives related to this 

assumption.   

Another limitation is the lack of information regarding molecular weight and viscosity of the inhibitors 

for incorporation into the calculations. Although conflicting values for these parameters can be found 

in the literature, both play an important role in precipitation inhibition (Price, et al. 2018). Two main 

hypotheses have been put forward to explain why these parameters should play an important role. 

The first, and lesser reported, states that molecular weight and viscosity affect precipitation inhibition 

via changes in the diffusion kinetics of both the drug and polymer in solution (Price, et al. 2018;  

Warren, et al. 2010). This is something that is not and cannot be considered in the COSMO-RS protocol. 

The second, and more widely reported, hypothesis relates to an increasing number of binding sites 

when molecular weight and viscosity are increased (Price, et al. 2018; Warren, et al. 2010). Given that 

the COSMO-RS protocol considers in its calculations the interaction between a PI trimer and a drug, 

this parameter is already considered and therefore, any effect of viscosity between different PIs should 

be minimized. When considering different viscosities of the same inhibitor, however, the COSMO-RS 

protocol cannot guide selection of a particular viscosity grade.  

5.8. Implications of the COSMO-RS Approach  

In silico tools are an attractive option for bridging the gap between our current understanding of 

precipitation inhibitors and practical selection of inhibitors to be used in supersaturating formulations 
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in pharmaceutical development. In this work, the COSMO-RS model was applied as a novel in silico 

screening tool to successfully predict the formulation performance of a wide range of precipitation 

inhibitors in formulations of glibenclamide, fenofibrate and dipyridamole. Specifically, it was 

hypothesized that free enthalpy of mixing (drug-polymer) could be used as a parameter for ranking 

inhibitors, from highest potential for successful precipitation inhibition to lowest, based on the 

theoretical interaction between the inhibitor and the drug. For all three compounds a strong positive 

correlation was observed between the rank assigned based on the calculated free enthalpy of mixing 

and the overall dissolution performance of the formulation. Conceptually, such an approach can be 

applied for any formulation that requires precipitation inhibitors. Given the high-throughput and high-

speed nature of the in-silico calculations, the screening protocol can be carried out for a large number 

of drug-PI combinations in very short timeframes. Ultimately, this study highlights how in silico tools 

can be used to improve efficiency of PI selection as well as the likelihood that the most optimal 

formulation can be realized.  

III. Conclusion and Outlook  

1. Summary  

This body of work aimed to improve the processes underpinning the design and development of 

mesoporous silica with precipitation inhibitors. First, this involved two extensive literature reviews in 

the areas of solubility enhancement formulation technologies and precipitation inhibition. Second, a 

mechanistically rational experimental approach was developed to improve the formulation of 

precipitation inhibitors with mesoporous silica. The “co-incorporation” approach significantly 

improved process efficiency and formulation performance. Finally, combining insights from the 

aforementioned reviews with learnings from the mechanistic analysis of the “co-incorporation” 

approach, an in silico screening protocol was developed to calculate the enthalpy of interaction 

between drug and polymer, and thus identify the most optimal precipitation inhibitor for a given 

formulation. Ultimately, these activities have resulted in a substantially optimized workflow for 
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selecting and combining precipitation inhibitors in mesoporous silica formulations, resulting in more 

efficient and effective results.   

2. Co-incorporation: A New Method to Combine Precipitation Inhibitors with Mesoporous Silica  

A novel co-incorporated formulation of glibenclamide and the precipitation inhibitor, HPMCAS, onto 

mesoporous silica was described. By co-incorporating the precipitation inhibitor, the formulation 

significantly outperformed the commonly applied simple physical blend, regarding improved 

supersaturation and dissolution in both single-medium FaSSIF and transfer dissolution assays. 

Furthermore, the co-incorporation approach allows the removal of a time-consuming and inefficient 

blending step. To provide a physical mechanistic basis for the improved performance the co-

incorporated formulation, a range of spectroscopic tools were utilized. It was concluded that the 

improved dissolution performance is a synergistic effect related to two key factors: formation of drug-

polymer interactions in the solid state, and lack of release and premature precipitation under gastric 

conditions due to the immobilization of API-loaded silica particles within the enteric HPMCAS plates. 

Crucially, both of these properties are absent in a simple HPMCAS blend. Ultimately, the co-

incorporation of precipitation inhibitors with the API on mesoporous silica formulations has the 

potential to improve both the process and formulation efficiency in the development of poorly soluble 

drugs. Furthermore, the mechanistic analysis of the formulation performance underlines the 

importance of drug-polymer interactions for successful precipitation inhibition and performance of 

mesoporous silica formulations.  

3. In Silico Pharmaceutics: A New Method to Select Precipitation Inhibitors for Mesoporous Silica 

Building on the extensive review article and the critical parameters identified during the co-

incorporation study, drug-polymer interactions were identified as a critical factor in determining 

formulation success in supersaturating formulations. Building on this, and the general absence of any 

technique or screening approach that is suitable for pharmaceutical screening, a novel in silico 

screening protocol for the selection of precipitation inhibitors for supersaturating formulations was 

developed. The protocol used the COSMO-RS model to calculate excess enthalpy of interaction 

between API and precipitation inhibitors, which was then applied as a rank-order parameter to select 

potential precipitation inhibitors. Conceptually, such an approach may be applied for any enabling 

formulation that requires precipitation inhibitors, for example HME or SDD, but further work is 

required to validate this cross-formulation applicability. Despite the simplifications and assumptions 

in the COSMO-RS protocol, strong positive correlations were obtained between the rank-order 

prediction and formulation performance for the APIs studied. Furthermore, given the high-
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throughput and high-speed nature of the in-silico calculations, the screening protocol is very 

attractive as a score-card approach for the design of enabling formulations for poorly soluble APIs in 

the pharmaceutical industry. Ultimately, this study highlights how in silico tools can be used to 

improve efficiency of precipitation inhibitor selection as well as the likelihood that the most optimal 

formulation will be realized. 

4. Future Work  

Looking forward, further work will be carried out to combine the co-loading approach with the 

COSMO-RS screening protocol to assess if the correlations observed using the blending method also 

apply to the co-loading approach. Furthermore, there a potentially further applications of the 

COSMO-RS model in pharmaceutical screening, including, but not limited to screening of polymers 

for spray dried dispersion of hot melt extrusion formulations, assessment of co-crystal or co-

amorphous excipients and assessment of excipients for effective lipid formulation. Further down the 

line, it is expected that computation approaches will have a transformative impact on the efficiency 

and outcome of pharmaceutical development, with tools such as artificial intelligence and machine 

learning already on the horizon to assist in the design and development of oral solid dosage form 

formulations. 
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V. Deutsche Zusammenfassung  

1. Einführung  

Damit ein oral verabreichtes Arzneimittel seine biologische Wirkung entfalten kann, muss es zunächst 

durch den Magen-Darm-Trakt (GI-Trakt) in den systemischen Kreislauf gelangen. Um dies zu erreichen, 

muss ein Medikament in den Flüssigkeiten des GI-Trakts ausreichend löslich sein.  In den letzten Jahren 

gab es in den Entwicklungspipelines vermehrt Arzneimittel mit geringer Löslichkeit, was zu einer 

verringerten Bioverfügbarkeit und einem erhöhten Risiko des Scheiterns während des 

Entwicklungsprozesses führte. Als Reaktion darauf haben Chemiker und Formulierer Strategien 

entwickelt, die die Löslichkeit und die daraus resultierende Bioverfügbarkeit dieser schwer löslichen 

Kandidaten verbessern können. Zu diesen Ansätzen gehören chemische Modifikationen in der 

Synthese, wie Salzbildung und Prodrugs oder Formulierungsmodifizierungsansätze wie mizellare 

Systeme, Co-Solventie, Partikelgrößenreduzierung, Komplexbildung und Technologien mit amorphen 

Phasen (Timpe, et al. 2007). Amorphe Formulierungen sind besonders attraktiv aufgrund der 

deutlichen Verbesserung der Löslichkeit, die die amorphe Form bieten kann (Timpe, et al. 2007). 

Amorphe Feststoffe haben wesentlich höhere Löslichkeiten im Vergleich zu Formulierungen, die die 

entsprechenden kristallinen Phasen verwenden. Allerdings sind amorphe Feststoffe aufgrund der 

hohen Energie, die mit dieser Festkörperform verbunden ist, in der Regel instabil oder metastabil. 

Daher müssen spezielle Formulierungstechnologien eingesetzt werden, um die amorphe Form des 

schwer löslichen Arzneimittels zu stabilisieren. Die häufigste dieser Methoden besteht darin, den 

Wirkstoff in der amorphen Form in einer polymeren Matrix zu immobilisieren (Chokshi, et al. 2007). 

Amorphe Formulierungen erzeugen in Lösung Konzentrationen, die höher sind als die 

thermodynamische Löslichkeit. Dies wird als Übersättigung bezeichnet. Übersättigung ist ein 

energetisch ungünstiger Zustand. Deshalb müssen solche Formulierungen auch sicherstellen, dass eine 

Ausfällung aus diesem Zustand verhindert wird. Typischerweise können polymere Hilfsstoffe als 

Fällungsinhibitoren eingesetzt werden. 
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2. Die Bedeutung von Arzneistoff-Polymer-Wechselwirkungen bei der Fällungsinhibierung  

Polymere Präzipitationsinhibitoren haben in der Literatur eine weite Verbreitung gefunden, wobei die 

am häufigsten verwendeten Polymere Cellulosederivate, Methacrylate und Polyvinylpyrrolidone 

beinhalten (Warren, et al. 2010). Die Wirkung von Polymeren zur Verhinderung von Ausfällungen 

beruht auf der Interferenz mit der Keimbildung und dem Kristallwachstum durch Wechselwirkung 

sowohl mit dem in übersättigter Lösung vorliegenden Molekülen des Arzneimittels als auch mit der 

wässrigen Umgebung (Xu, et al. 2013). Diese Wechselwirkungen verhindern die Adsorption von 

Wirkstoffmolekülen an der wachsenden Kristallfläche, so dass die Präzipitation gestoppt wird. Für die 

kinetische Hemmung ist die Wechselwirkung zwischen dem Arzneimittel und dem Polymer von 

entscheidender Bedeutung. Polymere können insbesondere über Wasserstoffbrückenbindungen, 

polare oder Dispersionskräfte in unterschiedlichem Ausmaß mit dem Arzneimittel wechselwirken 

(Price, et al. 2018; Price, et al. 2019; Warren, et al. 2010; Brouwers et al. 2009; Gao, et al. 2012). In der 

Literatur wurde über viele Techniken berichtet, bei denen Technologien wie die NMR-Spektroskopie 

zum Einsatz kommen. Der derzeitige Stand der Technik zur Untersuchung der Wechselwirkungen 

zwischen Wirkstoff und als Präzipitationsinhibitor eingesetztem Polymer ist jedoch für das Screening 

nicht geeignet, da hohe API-Mengen und ein hoher zeitlicher Aufwand benötigt werden, die für die 

pharmazeutische Entwicklung in einem frühen Stadium nicht verfügbar sind.  

3. Mesoporöse Kieselsäure: Eine neue Formulierungstechnologie  

Eine neue Technologie zur Formulierung amorpher Feststoffe ist die Verwendung mesoporöser 

Materialien als Träger für den Wirkstoff. Mesoporöses Siliziumdioxid ist ein Siliziumdioxid-Hilfsstoff, 

der ein hochporöses Netzwerk besitzt. Mit Beladung des Siliziumdioxids mit einer konzentrierten 

Lösung des Wirkstoffs wird dieser molekular an der Oberfläche des Siliciumdioxids adsorbiert. 

Aufgrund der Größe der Poren, die einen mittleren Durchmesser von etwa 6 nm haben, ist das 

molekular adsorbierte Molekül des Wirkstoffs lokal und sterisch fixiert, wodurch eine Rekristallisation 

verhindert wird (Ditzinger, et al. 2018). Bei der Verabreichung mesoporöser 
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Siliziumdioxidformulierungen kommt es zu einer Verdrängung einzelner Wirkstoffmoleküle von der 

Oberfläche des Siliziumdioxids in Lösung, wodurch eine Übersättigung gegenüber dem kristallinen 

Wirkstoff entsteht, die mit Präzipitationsinhibitoren stabilisiert werden muss (Guzman, et al. 2007). Da 

es sich bei mesoporösem Siliziumdioxid um eine neue Formulierungstechnologie handelt, ist bisher 

wenig darüber bekannt wie Fällungsinhibitoren am effektivsten ausgewählt und mit mesoporösen 

Siliziumdioxidformulierungen kombiniert werden können.  

4. Ziele der Dissertation  

Das Ziel der Arbeit war die Entwicklung und Optimierung eines neuen Arbeitsablaufs zur Auswahl von 

Präzipitationsinhibitoren in mesoporösen Siliziumdioxidformulierungen.  Hierzu wurde zunächst der 

aktuelle Stand der Technik von mesoporösen Siliziumdioxidformulierungen und 

Präzipitationsinhibitoren betrachtet. Danach wurde die Methode zur Kombination von 

Präzipitationsinhibitoren mit mesoporösem Siliziumdioxid analysiert und verbessert, indem ein Co-

Inkorporationsansatz entwickelt wurde. Drittens wurde eine physikalisch-mechanistische Rationale 

des neu entwickelten Ansatzes entwickelt. Schließlich wurden die Erkenntnisse hieraus in Kombination 

mit dem oben erwähnten Stand der Technik, zur Entwicklung eines neuen computergestützten 

Arbeitsablaufs zur Auswahl der optimalen Präzipitationsinhibitoren für ein gegebenen Wirkstoff 

verwendet. Dieser basierte auf der Kombination von Quantenmechanik und Thermodynamik zur 

Berechnung der Mischungsenthalpie von Arzneistoff und Polymeren als Prädiktor für eine wirksame 

Inhibition der Präzipitation.  

5. Eine neue Methode zur Kombination von Präzipitationsinhibitoren mit mesoporösem 

Siliziumdioxid 

Es gibt keine systematische Studie darüber, wie Präzipitationsinhibitoren am besten in mesoporösen 

Siliziumdioxidformulierungen verwendet werden können. Die derzeitige Praxis beinhaltet die 

Verwendung von Präzipitationsinhibitoren in einer physikalischen Mischung mit dem mit dem 

Wirkstoff beladenen Siliciumdioxid. Der Mischvorgang erfolgt entweder durch Pistill und Mörser oder 
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durch einfaches Rühren. Da es keine fest definierte Methode hierfür gibt, besteht Unsicherheit 

darüber, wie zuverlässig der Präzipitationsinhibitor mit dem mit dem Wirkstoff beladenen 

Siliziumdioxid kombiniert wird, so dass eine konstante Qualität der Chargen erhalten wird. Zusätzlich 

zu den praktischen Einschränkungen des Ansatzes stellt die Einarbeitung des Präzipitationsinhibitors 

nach der Beladung des Siliziumdioxids einen unnötigen und nicht unbedeutenden Schritt im 

Formulierungsprozess dar. Das Auflösen des Präzipitationsinhibitors zusätzlich zum Wirkstoff in die zur 

Beladung des Siliziumdioxid verwendeten Lösung kann das Auflösungsverhalten und die Verhinderung 

der Präzipitation verbessern. In dieser Arbeit wurde eine neuartige Formulierung von Glibenclamid und 

dem Präzipitationsinhibitor HPMCAS auf mesoporösem Siliciumdioxid beschrieben. Durch die 

gemeinsame Einarbeitung des Präzipitationsinhibitors übertraf die Formulierung die physikalische 

Mischung deutlich. Darüber hinaus ermöglicht der Co-Inkorporationsansatz das Weglassen eines 

zeitaufwändigen und ineffizienten Mischungsschritts. Um ein physikalisch-mechanistisches 

Verständnis für die verbesserte Leistung der Formulierung zu schaffen, wurde eine Reihe von 

spektroskopischen Werkzeugen eingesetzt. Daraus resultiert, dass das verbesserte 

Auflösungsverhalten und die bessere Inhibition der Präzipitation ein synergistischer Effekt ist, der mit 

zwei Faktoren zusammenhängt: Wirkstoff-Polymer-Wechselwirkungen in der festen Phase und 

Verhinderung der Freisetzung unter den Bedingungen des Magens aufgrund der Immobilisierung von 

API-beladenen Siliziumdioxidpartikeln im enterischen HPMCAS. Entscheidend ist, dass diese beiden 

Eigenschaften bei einer einfachen HPMCAS-Mischung fehlen. Letztlich hat die Co-Inkorporation von 

Präzipitationsinhibitoren mit dem Wirkstoff auf mesoporösen Siliziumdioxidformulierungen das 

Potenzial, sowohl die Prozess- als auch die Formulierungseffizienz bei der Entwicklung schwerlöslicher 

Arzneimittel zu verbessern. 
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6. Eine neue Methode zur Auswahl von Präzipitationsinhibitoren für mesoporöse 

Siliziumdioxidformulierungen mittels in-silico Verfahren 

Das mechanistische Verständnis für eine verbesserte Formulierungsleistung mit dem Co-

Inkorporationsansatz bestätigt die Bedeutung von Wirkstoff-Polymer-Interaktionen für eine 

erfolgreiche Präzipitationsinhibition. Die Bedeutung dieser wurde schon in der Literaturrecherche 

identifiziert. Daher wäre ein Ansatz, der das Verständnis der Wirkstoff-Polymer-Wechselwirkungen mit 

einem schnellen und effizienten Screening-Verfahren verbinden kann, sehr nützlich. Zu diesem Zweck 

wurde das „Conductor like Screening Model for Real Solvent“ (COSMO-RS), das von Klamt                

(Klamt, et al. 1993; 1995; 2003) entwickelt wurde, identifiziert. COSMO-RS ist ein 

quantenmechanisches Modell, mit dessen Hilfe thermodynamische Eigenschaften abgeleitet werden 

können (Klamt, et al. 1993; 1995; 2003). Aufbauend auf diesem theoretischen Ansatz schlugen wir vor, 

die Mischungsenthalpien von Wirkstoff und Polymer mit Hilfe der COSMO-RS-Theorie zu berechnen. 

Nach der Entwicklung des in-silico Ansatzes zur Berechnung dieser Eigenschaft wurde die Wirkstoff-

Polymer-Mischungsenthalpie verwendet, um potenzielle Präzipitationsinhibitoren auf der Grundlage 

der Stärke der molekularen Wechselwirkung mit dem Wirkstoff zu klassifizieren. Es wurde die 

Hypothese aufgestellt, dass dieses neuartige in-silico Protokoll für das Screening potenzieller 

Fällungsinhibitoren verwendet werden kann. Dies ermöglicht eine gezieltere Auswahl und reduziert 

somit den experimentellen Aufwand für das Screening vieler potenzieller Präzipitationsinhibitoren 

erheblich. Dieser neue Ansatz wurde beim Screening von Präzipitationsinhibitoren für drei 

Modellverbindungen angewandt: Glibenclamid, Dipyridamol und Fenofibrat, die mit mesoporösem 

Siliziumdioxid formuliert wurden. Für alle drei Wirkstoffe wurde eine starke positive Korrelation 

zwischen dem Rang, der aufgrund der berechneten freien Mischungsenthalpie vergeben wurde, und 

der gesamten Formulierungsleistung beobachtet. Letztendlich zeigt diese Studie auf, wie in-silico 

Werkzeuge eingesetzt werden können, um die Effizienz der Auswahl des Präzipitationsinhibitors zu 

verbessern. 
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7. Schlussfolgerung und Ausblick  

Diese Arbeit zielte darauf ab, die Prozesse zu verbessern, die dem Design und der Entwicklung von 

mesoporösem Siliziumdioxidformulierungen mit Präzipitationsinhibitoren zugrunde liegen. Dazu 

gehören zunächst zwei umfangreiche Literaturrecherchen auf dem Gebiet der 

löslichkeitsverbessernden Formulierungstechnologien und der Präzipitationsinhibition. Zweitens 

wurde ein mechanistisch-rationaler experimenteller Ansatz zur Verbesserung der Formulierung von 

Präzipitationsinhibitoren mit mesoporösem Siliziumdioxid entwickelt, wobei der "Co-Inkorporations 

Ansatz“ die Formulierungsleistung deutlich verbesserte. Schließlich wurde ein in-silico Screening-

Protokoll zur Berechnung der Wechselwirkung zwischen Wirkstoff und Polymer entwickelt, um den 

optimalen Präzipitationsinhibitor für eine Formulierung zu identifizieren. Dazu wurden die 

Erkenntnisse aus der Litertaturrecherche und die Erkenntnisse aus der mechanistischen Analyse des 

"Co-Inkorporations Ansatzes“ kombiniert. Diese Aktivitäten haben zu einem optimierten Arbeitsablauf 

für die Auswahl und Kombination von Präzipitationsinhibitoren in mesoporösen 

Siliziumdioxidformulierungen geführt. In Zukunft werden weitere Arbeiten durchgeführt, um den „Co-

Loading-Ansatz“ mit dem COSMO-RS-Screening-Protokoll zu kombinieren. Ziel ist zu beurteilen, ob die 

mit der Mischmethode beobachteten Korrelationen auch auf den „Co-Loading-Ansatz“ zutreffen. 

Darüber hinaus gibt es mögliche weitere Anwendungen des COSMO-RS-Modells beim Screening, 

einschließlich, aber nicht beschränkt auf: Screening von Polymeren für sprühgetrocknete Dispersion 

von hot-melt Extrudaten, Bewertung von co-kristallinen oder co-amorphen Formulierungen und 

Bewertung von Lipidformulierung. Für die Zukunft wird erwartet, dass in-silico Ansätze einen Einfluss 

auf die Effizienz und Leistung in der pharmazeutischen Entwicklung haben werden, wobei Werkzeuge 

wie künstliche Intelligenz und maschinelles Lernen bereits in Sichtweite sind, um Design und 

Entwicklung von oralen festen Dosierungsformulierungen zu unterstützen. 
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