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Abstract  20 

 21 

Supersaturating formulations are widely used to improve the oral bioavailability of poorly soluble drugs. However, 22 

supersaturated solutions are thermodynamically unstable and such formulations often must include a 23 

precipitation inhibitor (PI) to sustain the increased concentrations to ensure that sufficient absorption will take 24 

place from the gastrointestinal tract. Recent advances in understanding the importance of drug-polymer 25 

interaction for successful precipitation inhibition have been encouraging. However, there still exists a gap in how 26 

this newfound understanding can be applied to improve the efficiency of PI screening and selection, which is still 27 

largely carried out with trial and error-based approaches. The aim of this study was to demonstrate how drug-28 

polymer mixing enthalpy, calculated with the Conductor like Screening Model for Real Solvents (COSMO-RS), can 29 

be used as a parameter to select the most efficient precipitation inhibitors, and thus realise the most successful 30 

supersaturating formulations. This approach was tested for three different Biopharmaceutical Classification 31 

System (BCS) II compounds: dipyridamole, fenofibrate and glibenclamide, formulated with the supersaturating 32 

formulation, mesoporous silica. For all three compounds, precipitation was evident in mesoporous silica 33 

formulations without a precipitation inhibitor. Of the nine precipitation inhibitors studied, there was a strong 34 

positive correlation between the drug-polymer mixing enthalpy and the overall formulation performance, as 35 

measured by the area under the concentration-time curve in in vitro dissolution experiments. The data suggest 36 

that a rank-order based approach using calculated drug-polymer mixing enthalpy can be reliably used to select 37 

precipitation inhibitors for a more focused screening. Such an approach improves efficiency of precipitation 38 

inhibitor selection, whilst also improving the likelihood that the most optimal formulation will be realised.  39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 



3 
 

1. Introduction  53 

A large proportion of active pharmaceutical ingredients (APIs) currently in development are classified as poorly 54 

soluble, with numbers quoted for the total percentage varying from 40% to 90% (Loftsson, 2010). Given that drugs 55 

must be sufficiently solubilized in the gastrointestinal (GI) tract to be absorbed into systemic circulation, poorly 56 

soluble drugs represent a challenge for successful oral delivery (Brouwers, 2009). In response, a wide range of 57 

formulation techniques have been developed to enhance the apparent solubility of the API in the intestinal lumen 58 

(Zheng, 2012). These options can improve absorption due to the generation of a supersaturated solution of the 59 

API in the GI tract, i.e. above the equilibrium solubility, which increases the driving force for absorption through 60 

the GI mucosa into the systemic circulation (Brouwers, 2009; Taylor and Zhang, 2016). Supersaturation is an 61 

energetically unfavorable state, and is at best metastable (Taylor and Zhang, 2016). Due to this, there is an innate 62 

tendency for the supersaturated solution to return to a lower energy state, through precipitation. Therefore, to 63 

derive maximum benefit from supersaturation of the API, such formulations often include a precipitation inhibitor 64 

to sustain the period over which the API remains in solution (Price, 2018). This formulation approach is often 65 

referred to as the “spring and parachute” model (Guzman, 2007). In this model, the ‘parachute’ is the precipitation 66 

inhibitor that inhibits or slows the precipitation of the API from the supersaturated ‘spring’ generated by the 67 

formulation. 68 

Currently, the mechanistic details of precipitation inhibition are not fully understood, and the specific molecular 69 

properties that yield efficient precipitation inhibitors have not yet been clarified. Given this uncertainty, a variety 70 

of hypotheses for the molecular mechanisms of precipitation inhibition have been proposed (Warren, 2010; Price, 71 

2018). Additionally, it appears that precipitation inhibition is also an API-specific process. Therefore, there may be 72 

no single mechanism that describes all cases of precipitation inhibition. For example, some studies show polymer 73 

hydrophobicity to be a critical property in precipitation inhibition (Prasad, 2016), some suggest that hydrogen 74 

bond interactions play a pivotal role (Warren, 2010), while yet others propose that polymer surface coverage is 75 

an important factor (Schram, 2015). In all likelihood, multiple precipitation inhibition mechanisms may contribute 76 

to the observed effect, with the balance depending on the specific properties of both the API and the precipitation 77 

inhibitor. 78 

The current lack of clear mechanistic understanding makes selection of precipitation inhibitors rather inefficient 79 

and time consuming, due to overreliance on ‘trial and error’ based experimental approaches. Typically PI screening 80 

is carried out by generating supersaturation with a solvent-shift, in which API is dissolved in high concentrations 81 

in a favourable solvent (e.g. DMSO), which is then added to  an aqueous phase to generate supersaturation. 82 

Analytical techniques such as UV spectroscopy, HPLC or nephelometry are then applied to track changes in 83 
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concentration of API in solution or precipitation over time. These concentration time profiles are then used to 84 

provide a measure of PI effectiveness (Price et al., 2018).  One of the recent developments in this area is the 85 

µDISS™ profiler, which applies in situ UV probes in combination with liquid handling to study supersaturation and 86 

precipitation in real time. Using this approach, Palmelund and colleagues assessed the precipitation of 6 different 87 

BCS II drugs in combination with two polymers, PVP and HPMC (Palmelund et al., 2016). But despite recent 88 

advances in this area, the experimental selection of precipitation inhibitors remains both lengthy and costly. 89 

In addition to the time and cost resources involved, this approach is unlikely to lead to certain identification of the 90 

most effective precipitation inhibitor, but rather to “one that works”. To date, most supersaturating formulations 91 

incorporate one of a standard set of polymers, such as hydroxypropyl methyl cellulose acetate succinate 92 

(HPMCAS), polyvinylpyrrolidone (PVP) or hydroxypropyl methyl cellulose (HPMC) (Warren, et al. 2010; Price, 93 

2018). To overcome these drawbacks, there have recently been various attempts to establish a more mechanistic 94 

rational for precipitation inhibitor selection, as reviewed by Price et al. (Price, 2018). One of the more recent 95 

advances is the use of experimental tools that can design new precipitation inhibitors based on a mechanistic 96 

understanding of the specific interaction between the precipitation inhibitor and the API on a structural, molecular 97 

basis (Mosquera-Giraldo, 2016; Ting, 2016). Unfortunately, such de novo processes often require complex 98 

syntheses that yield novel excipients, which are impractical due to the need for toxicological studies to qualify 99 

them for use in pharmaceuticals. Therefore, more work is required to establish an efficient and rational 100 

precipitation inhibitor selection process using excipients that are already approved for pharmaceutical use.  101 

To bridge the gap between mechanistic understanding of precipitation inhibition and the realities of selecting 102 

precipitation inhibitors during pharmaceutical development, a more practical and robust approach is required. 103 

Such an approach, that can incorporate understanding of the importance drug-polymer interactions with a quick 104 

and efficient screening process, would be very useful. For this purpose, the Conductor like Screening Model for 105 

Real Solvent (COSMO-RS), which was developed by Klamt (Klamt, 1995, 2003), is a highly interesting prospect.  106 

COSMO-RS combines quantum mechanical molecular calculations with fluid-phase thermodynamics. The first step 107 

is to calculate screening charge distributions of a molecule of interest in a continuum, based on density functional 108 

theory (DFT) (Kohn and Sham, 1965). The so-called ‘sigma profiles’ that are obtained from these calculations are 109 

then used in COSMO-RS, where statistical thermodynamics is applied to estimate the chemical potential and 110 

further characteristics of the system, such as solubility and partition coefficients.  COSMO-RS has previously been 111 

used as a screening tool to calculate the solubility of early-development APIs in a database of excipients for pre-112 

clinical formulations (Pozarska, 2013). However, further pharmaceutical applications have been limited, possibly 113 

due to the fact that the rate determining step, the quantum chemical calculations, are computationally very 114 
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intensive. From a screening perspective, this is a significant drawback. A practical alternative to facilitate 115 

application of COSMO-RS theory for screening purposes is the software package COSMOquick. COSMOquick 116 

removes the need for the time-consuming quantum chemical calculations of molecular surface charges, whilst still 117 

carrying out the remaining COSMO-RS calculations to derive chemical potential. This is achieved by additively 118 

combining fragments of previously calculated sigma profiles stored in a database to compute a new sigma profile 119 

for molecules of interest (Hornig and Klamt, 2005). The COSMOquick approach has been recently applied 120 

pharmaceutically by the Kuentz group for the calculation of solubility parameters for a wide-range of molecules 121 

(Niederquell, et al. 2018). Another application of the COSMOquick software is in co-crystal screening approaches, 122 

which uses the calculated excess enthalpy of interaction between and API and a co-former to assess the likelihood 123 

of co-crystal formation (Loschen, 2016).  124 

 125 

Figure 1. Chemical potential, and in turn a wide-range of thermodynamic properties, can be derived from sigma 126 

profiles using COSMO-RS theory. Sigma profiles can be obtained by two ways, either through de novo quantum 127 

chemical calculations or through an additive combination of previously calculated molecular fragments stored in 128 
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a large database. The former approach is applied in the full COSMO calculation, whilst the latter is applied in the 129 

software package COSMOquick (bottom). 130 

To consider precipitation inhibition fundamentally, it is assumed that an interaction between API and polymer 131 

must be present. This interaction could take many forms (e.g. London, dipolar, hydrogen bonding and Coulombic 132 

forces) or combinations thereof. It can be hypothesized that the more efficient the interaction between the drug 133 

and polymer, the more effective the inhibition process (Price, 2018). However, this may be difficult to calculate, 134 

since the API and precipitation inhibitor must interact in a complex aqueous environment. We propose a simplified 135 

approach, in which the mixing (or excess) enthalpies of drug and excipient are calculated using COSMOquick. This 136 

estimated enthalpy is then used to rank potential precipitation inhibitors based on the strength of their molecular 137 

interaction with the API. It is hypothesized that this novel in silico protocol can be used to screen potential 138 

precipitation inhibitors allowing for a more focused selection to be carried out, thus significantly reducing the 139 

experimental burden of screening inhibitors by trial and error and ensuring the selection of an optimal inhibitor.  140 

 141 

2. Materials and Methods  142 

2.1. Materials  143 

Crystalline dipyridamole (DPD), crystalline glibenclamide (GB), crystalline fenofibrate (FF) (thermodynamic 144 

polymorphs), poyl(ethylene glycol) (PEG), poly(methyl methacrylate) (PMMA), Pluronic® (PLR), HPMC, PVP, 145 

chitosan (CH), reagent grade acetone, HPLC grade acetonitrile and HPLC grade methanol were all purchased from 146 

MilliporeSigma (St Louis, MO, USA). AQOAT (HPMCAS-MF) was purchased from ShinEtsu (Japan). Parteck® SLC 147 

was a gift sample from Merck KGaA (Germany).  Eudragit (Eu) RL and EPO were obtained from Evonik (Germany). 148 

Powder to make biorelevant dissolution medium, Fasted Simulated Intestinal Fluid (FaSSIF), was purchased from 149 

Biorelevant.com (UK). 150 

 151 

 152 

 153 

 154 

 155 

 156 
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Table. 1 Selected APIs and their relevant properties   157 

API 
MWt 

[g/mol] 
cLog P # cpKa # 

Number of 

H-bond 

donors 

Number of 

H-bond 

acceptors 

 

 

 

Dipyridamole 

 

505 1.5 6.6 (basic) 4 12 

 

 

Fenofibrate 

361 5.3 - 0 5 

 

 

Glibenclamide 

494 4.7 4.3(acidic) 3 9 

 158 

# Calculated with ChemAxon  159 

 160 

 161 

 162 

 163 
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2.2 Experimental  164 

2.2.1 Thermodynamic Solubility   165 

API (2-3mg) was accurately weighed into a Uniprep® syringeless filter (5mL; 0.45µm). 2 mL of FaSSIF (Galia, et al. 166 

1998), composed of simulated intestinal fluid powder (FaSSGF, FaSSIF & FeSSIF Powder) dissolved in a pH 6.5 167 

phosphate buffer, was added and the samples agitated at 450 rpm for 24 hours at 37 °C. The pH was checked at 168 

7 hours and adjusted with 0.1 N NaOH or 0.1 N HCl, if deviation greater than +/- 0.05 pH units were observed. The 169 

final pH was also recorded after 24 hours.  170 

Samples were filtered after 24 hours and the filtrates were diluted with acetonitrile and water (1:4) to avoid 171 

precipitation from the saturated solution. Samples were analyzed with UPLC (Thermo Dionex Ultimate 3000, 172 

Thermo Fisher, MA, USA) to determine the API concentration. API concentrations were determined by comparing 173 

the peak area to a standard calibration curve of nine standard concentrations (Equation 1). Three quality control 174 

samples of known concentrations were also prepared and used to check the robustness of the calibration curve. 175 

The analysis was carried out in duplicate.   176 

 177 

𝐶[µ𝑔𝑚𝑙−1] =
 𝑎(𝐴)𝐹(𝑎)

𝑚
   (1)  178 

C= concentration of sample  179 

a(A) = peak area for analyte/mL  180 

m= gradient of the calibration curve  181 

F(A)= dilution factor for analyte  182 

2.2.2 Parteck SLC® Loading Procedure 183 

All API-loaded silica samples were prepared using the solvent impregnation rotary evaporator method (Laine, et 184 

al. 2016) as follows: A solution (10 mg/mL) of API in acetone was added to Parteck SLC (1:2 w/w API/Parteck SLC®) 185 

under magnetic stirring for 15 minutes. The suspension was then transferred to a rotary evaporator, and solvent 186 

was removed under reduced pressure at 40° C. After complete removal of solvent, the powder was left to dry in 187 

the rotary evaporator under reduced pressure for 2 hours. 188 

 189 

 190 
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2.2.3 Loading Content Determination  191 

To determine the % (w/w) of API in the mesoporous silica, the loaded samples were dispersed in acetone. Samples 192 

were taken after 1 hour, centrifuged, and filtered before being quantified with UPLC. The percentage API content 193 

was calculated relative to the mass of loaded samples dispersed within the acetone. The study was performed in 194 

triplicate.  195 

 196 

2.2.4 Combination of API Loaded Silica with Precipitation Inhibitor 197 

API loaded silica was combined with precipitation inhibitors as a physical mixture using a mortar and pestle in the 198 

mass ratio of 1:1. This results in an API:silica:PI ratio of 1: 2: 3. 199 

 200 

2.2.5 FaSSIF Mini-dissolution Experiment  201 

Around 5 mg of API (or the equivalent of API-loaded silica) was weighed accurately into a glass vial. To this, 5 mL 202 

of FaSSIF was added. The vials were agitated at 37 °C for 2 hours. Samples were taken at 2, 15, 60 and 120 minutes, 203 

filtered, diluted if appropriate, and analyzed with UPLC (Thermo Dionex Ultimate 3000, Thermo Fisher, MA, USA). 204 

Residues were collected via centrifugation and analyzed for crystallinity with powder X-ray diffraction (PXRD). This 205 

was carried out on API, API + polymer samples, API loaded silica and API loaded silica + polymers. The mini-206 

dissolution trials were conducted in duplicate for all samples. 207 

 208 

2.2.6 Powder X-Ray Diffraction (PXRD)  209 

Samples were prepared between X-ray amorphous films and measured in transmission mode using Cu-Kα1-210 

radiation and a Stoe StadiP 611 KL diffractometer equipped with Dectris Mythen1K PSD. The measurements were 211 

evaluated with the software WinXPow 3.03 by Stoe, Crystallographica Search/Match Version 3.1.0.2 and the ICDD 212 

PDF-4+ 2014 Database and Igor Pro Version 6.34 by Wavemetrics Inc. Finger/Cox/Jephcoat. Angular range: 1-65 213 

°2θ; PSD-step width: 2 °2 θ; angular resolution: 0.015 °2θ; measurement time: 15 s/step, 0.25 h overall. 214 

 215 

 216 

 217 
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2.2.7 COSMO-RS Calculations  218 

COSMOquick (COSMOlogic, Germany, Version 1.6) was used to calculate excess enthalpy of interaction between 219 

API and polymer. APIs and PIs were entered in smiles notation. Polymer structures were approximated as trimers, 220 

since the quantum chemical calculations cannot capture the full complexity of large molecules like polymers. 221 

Furthermore, this was not deemed critical to the study as the hypothesis was related to local molecular 222 

interactions, which are assumed to be sufficiently captured by trimer forms of the polymer. Ratio of API:PI was 223 

set at 1:3 to align with the ratios used in the formulations, and the temperature was set at 37 °C.  224 

COSMOquick calculates sigma profiles of the API and precipitation inhibitor molecules based on an additive-225 

combination approach against a database of previously calculated quantum chemical sigma profiles (Loschen, 226 

2006). Once sigma profiles are generated, several equations are performed to derive the energy required to 227 

combine the sigma profile of the API and PI. First, a sigma surface segment of the PI must be removed from the 228 

surface in order to make room for a new API segment, this requires energy associated with removing pre-existing 229 

contacts between precipitation inhibitor segments, -µs(σ’). Second, a new API segment must be added to the 230 

precipitation inhibitor sigma surface, this involves forming new interactions between API and PI, with related 231 

energy costs and gains associated with the two segments interacting, E(σ, σ’). This value is called the COSMO-RS 232 

interaction energy and, importantly, is calculated such that all binding modes (electrostatic, hydrogen bonding, 233 

van der Waals and combinatorial) are considered in the equation. (See appendix 3, Equations 1-3). Once a value 234 

for the sigma potential is reached, thermodynamic calculations provide the chemical potential of mixing the API 235 

and PI (See appendix 3, Equation 4). From the chemical potential, a wide range of further thermodynamic 236 

properties can be calculated. In the current approach enthalpy of interaction, Hex, also referred to as the enthalpy 237 

change of mixing, ΔHmix, was calculated as a rank order parameter to assess the propensity of the drug to interact 238 

with excipient. As addressed in the introduction, this approach represents a substantial simplification of the more 239 

complex solid-liquid equilibrium in aqueous medium. A similar approach has been previously applied to screen 240 

co-formers in co-crystal selection and details can be inferred from the literature (Abramov, 2012; Klamt, 1993). 241 

 242 

In this study, the excess enthalpy of interaction between API and precipitation inhibitor is referred to as the 243 

“COSMO-Rank”. According to the working hypothesis, the more negative the calculated excess enthalpy of 244 

interaction, the higher the COSMO-Rank and thus the better the inhibition of precipitation of the API. For a full 245 

description of the calculations carried out within the software package, readers are referred to Klamt, 1993, 2002 246 

and 2005, and Loschen, 2006. 247 
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 248 

2.2.8 Spearman’s Rank Correlation Coefficient  249 

Spearman’s rank correlation coefficient is a non-parametric method that allows statistical rank correlation to be 250 

carried out between two sets of rankings. In this instance, Spearman’s rank correlation coefficient analysis was 251 

applied to the COSMO-rank and the rank order of the formulation performance. For the latter, AUC0-120 of the 252 

dissolution profiles, was selected as the best overall descriptor of formulation performance and was calculated 253 

using Equation 2.  254 

𝑨𝑼𝑪𝟎−𝟏𝟐𝟎 = ∑(
𝑪𝒏+𝑪𝒏+𝟏

𝟐
 × (𝒕𝒏+𝟏 − 𝒕𝒏)) (2)   255 

C = concentration (µg/mL)  256 

T = time (minutes)  257 

n =sampling point at time, t  258 

Spearman’s rank correlation coefficient was calculated by Rstudio (R version 2.15.12) using the code                    259 

corr <- cor.test (x=FILENAME$VARIABLE1, y=FILENAME$VARIABLE2, method = 'spearman') 260 

 261 

2.2.9 UPLC Method 262 

UPLC analysis was performed using a Thermo Dionex Ultimate 3000 (Thermo Fisher, MA, USA) equipped with a 263 

diode array detector (Thermo Fisher, MA, USA). Chromatographic separation was achieved on an Acquity UPLC 264 

BEH column C8 (2.1 x 50 mm, 1.7 µm, Waters, MA, USA). The mobile phases A and B consisted of water:formic 265 

acid 99:1 (v:v) and acetonitrile:formic acid 99:1 (v:v), respectively. Gradient and flow rate is shown in Table 2. 266 

System management, data acquisition and processing were performed with the Chromeleon™ software package, 267 

version 7.2 (Thermo Fisher, MA, USA)  268 

 269 

 270 

Table 2. UPLC gradient and flow rates 

Time (mins) Flow Rate (mL/min) % (v:v) Mobile Phase A % (v:v) Mobile Phase B 

0 0.83 90 10 
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0.83 0.83 10 90 

1.2 1.5 90 10 

2 1.5 90 10 

2.01 0.83 90 10 

 271 

3. Results  272 

3.1. Dissolution Profile of Crystalline API   273 

The thermodynamic solubilities of dipyridamole, glibenclamide and fenofibrate are shown in Table 3. All three 274 

compounds are classified as “poorly soluble” in FaSSIF, pH 6.5 (Amidon, 1995).  275 

Table 3. Thermodynamic solubilities of dipyridamole, glibenclamide and fenofibrate in 

FaSSIF, pH 6.5 at 37°C 

Compound FaSSIF Thermodynamic Solubility (µg/mL) 

Dipyridamole 19.6 ± 0.7 

Glibenclamide 8.1 ± 0.1 

Fenofibrate 14.0 ± 0.3 

 276 

For all three compounds, the thermodynamic solubility was approached over the duration of the FaSSIF 277 

dissolution test (Figure 2). The rate of approach differed among the APIs, which may be related to differences in 278 

particle size and morphology. The average concentration of glibenclamide slightly exceeded the measured 279 

solubility after 2 hours of dissolution, but this was not statistically significant. Furthermore, some variation in 280 

glibenclamide FaSSIF thermodynamic solubility has been recorded in the literature, with values ranging from 8-10 281 

µg/mL. This is in accordance with the observed dissolution behaviour (Fagerberg, 2010; Fagerberg 2012; Wei, 282 

2006).   283 

 284 
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 285 

 Figure 2. FaSSIF dissolution profiles (2 h) of diypridamole (a), glibenclamide (b) and fenofibrate (c). The 286 

thermodynamic solubility of the respective API is represented by the dashed line in each figure. 287 

 288 

3.2. Loading onto Mesoporous Silica   289 

Successful loading of APIs onto mesoporous silica was confirmed with PXRD by showing a successful shift from the 290 

crystalline (pure API) to the amorphous solid-state form after loading onto the mesoporous silica. The absence of 291 

Bragg diffraction patterns is indicative of an amorphous material (Figure 3).  292 

Loading content was similar (~30% w/w) for all three compounds, as determined by UPLC (Table 4). 293 
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 294 

Figure 3. PXRD diffraction patterns of the pure API (black) and API loaded onto mesoporous silica (red) for 295 

dipyridamole (a), glibenclamide (b) and fenofibrate (c). 296 

Table 4. API loaded silica total API content  

API  % Loading of API onto  

mesoporous silica (w/w %)  

Dipyridamole 30.1 ± 0.1  

Glibenclamide  29.4 ± 0.1 

Fenofibrate 29.7 ± 0.3 

 297 

Delivering the API in the amorphous form significantly improved the dissolution performance in FaSSIF for all three 298 

compounds (Figure 4). As seen in figure 4, dipyridamole, glibenclamide and fenofibrate showed 4, 25 or 3-fold 299 
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supersaturation relative to the thermodynamic solubility, respectively. However, all three profiles also show 300 

precipitation and a decrease in concentration towards the thermodynamic solubility within around 30 minutes.  301 

 302 

Figure 4.  Dissolution profiles of pure API ( ), and API loaded onto mesoporous silica (▪) for dipyridamole (a), 303 

glibenclamide (b) and fenofibrate (c) in FaSSIF, pH 6.5 at 37°C 304 

3.3 Precipitation Inhibitor Screening: Calculation of Excess Enthalpy  305 

The COSMO-RS in silico screening protocol was based on calculation of the enthalpy of interaction between each 306 

of the APIs with different potential precipitation inhibitors. Results are summarized in Figure 5. According to the 307 

hypothesis, the more negative the calculated enthalpy of interaction, the higher the ‘COSMO Rank’. A COSMO 308 

rank of 1 thus indicates the best potential for successful precipitation inhibition. By contrast, the more positive 309 

the enthalpy of interaction, the less likely the polymer is to be of use as a precipitation inhibitor. Of the inhibitors 310 

studied experimentally, Eudragit EPO, was predicted to be the best precipitation inhibitor for both dipyridamole 311 

and glibenclamide, whereas for fenofibrate, PMMA was assigned the highest COSMO rank. For all three 312 

compounds, chitosan was assigned COSMO rank 9, reflecting its high calculated enthalpy of interaction, which 313 

was hypothesized to translate into poor precipitation inhibition performance. 314 
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 316 

 317 
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 318 

Figure 5. COSMO-RS Screen: calculated excess enthalpy of interaction between dipyridamole (a), glibenclamide 319 

(b) and fenofibrate (c) with a range of potential precipitation inhibitors. Polymers studied experimentally to test 320 

the correlation are highlighted as dark bars: Eudragit EPO, Pluronic (PLR), PEG, HPMCAS, PVP, HPMC, Eudragit 321 

RLPO, PMMA and Chitosan.  322 

3.4 Dissolution data for API loaded onto mesoporous silica with precipitation inhibitor added 323 

Each of the loaded mesoporous silica samples were physically combined with a selection of polymers (HPMCAS, 324 

HPMC, PVP, PEG, Eudragit EPO, Pluronic, PMMA, Eudragit RLPO and Chitosan) such that the final ratio of API: PI 325 

was 1: 3, w/w (API : PI : Silica; 1 : 3 : 2, w/w). Therefore, table 5 shows the final % API content in the formulations 326 

after combination with the precipitation inhibitors. The final API concentrations are similar to conventional 327 

supersaturating formulations that require precipitation inhibitors.  328 

Table 5. Final API content (%, w/w) in the formulations after incorporation 

of precipitation inhibitors   

 

API  % Loading of API onto  

mesoporous silica (w/w %)  

Final API Content (%)  

Dipyridamole 30.1 ± 0.1  15.1 

Glibenclamide  29.4 ± 0.1 14.7 

Fenofibrate 29.7 ± 0.3 14.9 
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To assess the predictive power of the COSMO calculation, dissolution in FaSSIF was carried out for each of the API-329 

loaded mesoporous silica samples in combination with each of the selected precipitation inhibitors.  (Figures 6-8)  330 

 331 

Figure 6. Dissolution profiles in FaSSIF for dipyridamole ( ), dipyridamole loaded mesoporous silica (▪) and 332 

dipyridamole loaded mesoporous silica with precipitation inhibitors selected from the COSMO-RS screen. (a):  333 

Eudragit EPO (□), Pluronic (X), PEG (  ); (b): HPMC ( ), HPMCAS (○) Eudragit RLPO (  ) and (c): PMMA (*), PVP (●) 334 

and Chitosan (+). The order of the listed inhibitors corresponds to the rank order in the COSMO screen (i.e. 335 

Eudragit EPO COSMO rank #1 – Chitosan COSMO rank  #9).  336 
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 337 

Figure 7. Dissolution profiles in FaSSIF for glibenclamide ( ), glibenclamide loaded mesoporous silica (▪) and 338 

glibenclamide loaded mesoporous silica with precipitation inhibitors selected from the COSMO-RS screen. (a):  339 

Eudragit EPO (□), Pluronic (X), PEG (  ); (b):  HPMCAS (○), HPMC ( ), Eudragit RLPO (  ) and (c): PMMA (*), PVP (●) 340 

and Chitosan (+). The order of the listed inhibitors corresponds to the rank order in the COSMO screen (i.e. 341 

Eudragit EPO COSMO rank #1 – Chitosan COSMO rank #9). 342 



20 
 

 343 

Figure 8. Dissolution profiles in FaSSIF for fenofibrate ( ), fenofibrate loaded mesoporous silica (▪) and fenofibrate 344 

loaded mesoporous silica with precipitation inhibitors selected from the COSMO-RS screen. (a): PMMA (*), 345 

Pluronic (X), PEG (  ); (b): Eudragit EPO (□), Eudragit RLPO ( ), PVP (●) and (c): HPMCAS (○), HPMC ( ) and Chitosan 346 

(+). The order of the listed inhibitors corresponds to the rank order in the COSMO screen (i.e. PMMA COSMO rank 347 

#1 – Chitosan COSMO rank #9).  348 

 349 

3.7 Spring-Parachute Plots  350 

The performance of the precipitation inhibitor is rated in terms of its ability to sustain supersaturation. To reflect 351 

this, the data in Figure 9 indicates the maximum concentration (‘Spring’) achieved compared to the concentration 352 

at the end of the assay (“Parachute”). 353 
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 354 

Figure 9. Maximum concentration, ‘Spring’, (dark bars) versus the concentration at the end of the dissolution 355 

experiment  at 120 minutes, ‘Parachute’, (light bars) for dipyridamole (a), glibenclamide (b) and fenofibrate (c) 356 

loaded mesoporous silica in combination with a range of precipitation inhibitors during FaSSIF dissolution, with 357 

decreasing COSMO-rank for the respective API from left to right.  358 

 359 

3.6 Spearman’s Rank Correlation Analysis  360 

The overall formulation performance was assessed by calculating the AUC of the dissolution profiles for each 361 

system (Equation 2). Statistical analysis was then carried out to determine the correlation between COSMO-rank 362 

and formulation performance, with a higher AUC indicating a better formulation performance (Table 6-8).  363 
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Table. 6 Spearman’s rank correlation coefficient analysis: dipyridamole  
 

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. 7 Spearman’s rank correlation coefficient analysis: glibenclamide 
 

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 

 364 

 365 

 366 

 367 

 368 

 369 
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Table. 8 Spearman’s rank correlation coefficient analysis: fenofibrate 370 

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 

 371 

Given that dissolution performance for PEG formulations appears to consistently deviate from the correlation of 372 

COSMO rank with dissolution performance for all three APIs, the statistical analysis was re-run without PEG. For 373 

all samples, the correlation improved, with the Spearman’s rank correlation coefficients for dipyridamole and 374 

glibenclamide both increased to 0.98 (0.0004, p<0.05), indicating a strong positive correlation. For fenofibrate, 375 

removing PEG from the set also improved the Spearman’s rank coefficient to 0.8 (0.022, p<0.05) and passes the 376 

significance criterion. The results suggest that PEG may behave as an outlier in the COSMO calculations. 377 

 378 

4. Discussion  379 

In silico tools are an attractive option for bridging the gap between our current understanding of precipitation 380 

inhibitors and practical selection of inhibitors to be used in supersaturating formulations in pharmaceutical 381 

development. In this work, we applied the COSMO-RS model as a novel in silico screening tool to successfully 382 

predict the formulation performance of a wide range of precipitation inhibitors in formulations of glibenclamide, 383 

fenofibrate and dipyridamole. Specifically, it was hypothesized that free enthalpy of mixing (API-polymer) could 384 

be used as a parameter for ranking inhibitors, from highest potential for successful precipitation inhibition to 385 

lowest, based on the theoretical interaction between the inhibitor and the API. For all three compounds a strong 386 

positive correlation was observed between the rank assigned based on the calculated free enthalpy of mixing and 387 

the overall formulation performance. 388 

 389 
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The Importance of Enabling Formulations  390 

The experimental thermodynamic solubility values for dipyridamole, glibenclamide and fenofibrate in FaSSIF are 391 

in line with values previously reported in the literature (Table 2) (Leigh, 2012; Fagerberg, 2012 and Buch, 2010). 392 

All three compounds represent Biopharmaceutical Classification System (BCS) II APIs (Amidon, 1995). This low 393 

solubility, coupled with the incomplete dissolution of the drugs in biorelevant media (Figure 2), signals the 394 

potential for oral absorption and bioavailability risks during development (Zheng, 2012). The selected APIs 395 

represent a typical range of molecular weights, charge, hydrophobicity and number of hydrogen bond donors and 396 

acceptors typical for poorly soluble drugs. Therefore, all three APIs are model candidates for absorption 397 

enhancement by formulation with enabling formulations. Indeed, there are already many examples in the 398 

literature of combining each of these APIs with enabling formulations such as lipid-based formulations, addition 399 

of surfactants to the formulation and formulations containing high-energy forms of the API such as solid 400 

dispersions (Thongnopkoon, 2016; Guo, 2011; Zecevic, 2018; Thei, 2017; Taniguchi, 2013). 401 

 402 

Mesoporous Silica: A Model Supersaturating Formulation  403 

In the current approach, mesoporous silica was selected as a model supersaturating formulation. Mesoporous 404 

silica stabilizes the amorphous API via nano-encapsulation in the pores, which have an approximate mean 405 

diameter of 4 nm. Upon contact with an aqueous environment, the drug is released in a molecularly dispersed 406 

fashion and thus supersaturation is generated (Ditzinger, F.D. and Price, D.J, 2018). Both fenofibrate and 407 

glibenclamide have previously been formulated with mesoporous silica in the literature. Van Speybroeck and co-408 

workers reported that, after successfully loading onto ordered mesoporous silica, glibenclamide was completely 409 

released within 30 minutes, compared to just 60% release at 120 minutes for the commercial formulation, Daonil 410 

(Van Speybroeck, 2011). Furthermore, the improved in vitro dissolution performance translated into an improved 411 

in vivo performance in rats, with the extent of absorption fourfold higher for glibenclamide loaded silica than the 412 

commercial formulation (Van Speybroeck, 2011).  413 

Mesoporous silica has also been demonstrated to improve both in vitro and in vivo performance of fenofibrate 414 

versus commercially available products (Van Speybroeck, 2010; Ahern, et al. 2013; Uejo, et al. 2013; Hong, et al. 415 

2014; Bukara, et al. 2016; O’Shea, 2017; Dressman, 2015). Furthermore, fenofibrate was the API chosen for the 416 

first proof of concept clinical trial of mesoporous silica in man (Bukara, 2016). In that study, which compared 417 

fenofibrate loaded silica with the commercially available micronized Lipanthyl® formulation, a 77% increase in 418 
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Cmax, a reduced tmax and a 54 % increase AUC0-24h/dose for fenofibrate loaded silica was observed, demonstrating 419 

that loading this API onto mesoporous silica can increase both the rate and extent of absorption.  420 

Given this pre-established success with mesoporous silica for glibenclamide and fenofibrate, successful loading 421 

onto silica, as demonstrated by the solid-state shift from crystalline to amorphous, was expected for both 422 

compounds (Figure 3). Furthermore, the loading efficiency and extent of supersaturation was in line with previous 423 

examples in the literature (Table 4; Figure 4) (O’Shea, 2017; Van Speybroeck, 2011). In contrast, for dipyridamole, 424 

which has been formulated with other enhancing approaches such as solid dispersions, there have not yet been 425 

any published reports of formulation with mesoporous silica. For this molecule, a successful loading was also 426 

confirmed by the change in solid-state from crystalline to amorphous (Figure 3). Additionally, supersaturation was 427 

generated, and the observed loading efficiency obtained was in line with typical loading values reported in the 428 

literature (Table 4; Figure 4) (McCarthy, 2015).  429 

For all three APIs, loading onto mesoporous silica resulted in the typical ‘spring’ profile in the FaSSIF dissolution 430 

curves (Figure 4). First reported by Guzman (Guzman, 2007), the presence of short-lived supersaturation followed 431 

by precipitation is typical for delivery of the compound in the amorphous form, such as with mesoporous silica. 432 

This is related to the metastable nature of the supersaturated state, which is returned to a thermodynamically 433 

more favorable state via the precipitation of the supersaturated API (Taylor and Zhang, 2016). The dissolution 434 

profiles of the three API-loaded silica confirm the need for a precipitation inhibitor, or a “parachute”, to maintain 435 

the API concentration in solution over physiologically relevant time scales. 436 

 437 

Precipitation Inhibitor Selection with COSMO-RS 438 

Given the current lack of understanding surrounding structure-inhibition relationships, selection of precipitation 439 

inhibitors has typically been empirical, requiring a large amount of experimental screening (Price, 2018). Such 440 

time-consuming experimental approaches have been reported in the literature for fenofibrate. Petrusevska et al. 441 

employed a high-throughput screening protocol that coupled a solvent-shift approach with off-line 442 

chromatography to screen a wide-range of precipitation inhibitors for fenofibrate (Petrusevska, 2013). In the 443 

study, it was determined that surfactant-based inhibitors were the most optimal for fenofibrate, as opposed to 444 

the cellulosic polymers, which proved to be optimal for carbamazepine (Petrusevska, 2013). Interestingly, the top 445 

performing polymers highlighted in the current study were not included in the high-throughput screen, which 446 

further indicates that, in addition to the large resource costs involved in experimental screening, the most optimal 447 

inhibitors may be missed due to practical limitations on the number of inhibitors that can be screened 448 
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experimentally. This problem is especially pronounced when, instead of conducting a high-throughput 449 

experimental precipitation inhibitor screen, two to three “usual suspects” are selected for experimental screening. 450 

In this approach, polymers such as PVP, HPMCAS or HPMC are often selected and individually screened in 451 

combination with the supersaturating formulation of interest, after which the most successful polymer of the 452 

three is selected. This approach introduces a large amount of uncertainty as to whether the most efficient 453 

formulation has been realized (He, 2010; O’Shea 2017; Laine, 2016; Vora, 2016)  454 

To reduce the resources required for precipitation inhibitor screening, it would be highly desirable to replace 455 

experimental with in-silico tools. Using the COSMO-RS screening protocol described herein, drug-polymer mixing 456 

enthalpy can be calculated for an API in combination with ~50 potential precipitation inhibitors in as little as two 457 

minutes. This represents a significant time-saving versus traditional experimental screening. During early 458 

pharmaceutical development, time can be the most critical factor in the success of failure of a project, so such 459 

savings are highly attractive. Furthermore, there is no limit to the number of molecules that can be included in 460 

the database. All potential inhibitors can be assessed using enthalpy of interaction as a rank-order parameter, 461 

which is designated the “COSMO Rank” (Figure 5 a-c). This is related to the hypothesis that the more negative the 462 

enthalpy, the higher the chance of successful precipitation inhibition based on interaction between API and PI. 463 

This hypothesis is links back to the principle that interactions between the API and PI are essential to efficient 464 

precipitation inhibition, which has been demonstrated in many studies (Price, 2018).  465 

Even without considering the dissolution data generated in these studies, the rank order proposed by the COSMO-466 

RS screen already points towards promising results. For example, in a study by Chauhan and co-workers, it was 467 

reported that Eudragit EPO and HPMC were able to sustain supersaturated solutions of dipyridamole significantly 468 

longer than all other polymers studied (Eudragit S100, Eudragit RL100, PEG and PVP). Both the in silico prediction 469 

and the dissolution studies carried out in our studies reflect these findings. Interestingly, PVP, which is often used 470 

as a first-line candidate in precipitation inhibitor selection, did not perform well as a precipitation inhibitor in the 471 

study by Chauhan (Chauhan, 2013). The COSMO calculation for dipyridamole (Figure 5a) was able to identify that 472 

PVP would not be a suitable polymer (ΔH= +1.28 kJ/mol) for dipyridamole. 473 

 474 

Correlation of COSMO-Rank with Dissolution Performance  475 

In addition to the general observation that the COSMO-RS calculated excess enthalpy of interaction appears to be 476 

a useful rank-order parameter for the selection of precipitation inhibitors, a statistical analysis of the correlation 477 

between the COSMO-RS rank and the dissolution data was also conducted (Tables 4-6). Comparing these two 478 
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parameters with Spearman’s rank correlation coefficient analysis, the correlation between the rank order 479 

predicted by COSMO-RS and the rank order observed in the dissolution experiments was determined to be 0.91 480 

(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, 481 

respectively. For dipyridamole and glibenclamide, the very strong positive correlation between COSMO prediction 482 

and formulation performance demonstrated that the COSMO-RS screening protocol can be used to select the 483 

most optimal precipitation inhibitors whilst avoiding the costly and time-consuming experimental screening. For 484 

fenofibrate, the correlation observed between the predictions and the results was lower. Furthermore, the 485 

significance in the Spearman’s rank correlation coefficient analysis was greater than 0.05 for fenobibrate, which 486 

introduces uncertainty as to the conclusions that can be drawn based on the analysis. However, when PEG was 487 

excluded from the analysis, all correlations improved substantially and the correlation coefficient for fenofibrate 488 

(0.8) reached statistical significance (p<0.05). It thus seems that PEG may be an outlier in terms of the COSMO 489 

predictions, although this would have to be tested with more APIs to be sure. We note that a strong positive 490 

correlation was independently achieved for each API, which suggests that the presented approach can be applied 491 

robustly and reliably.  492 

In addition to the area under the curve of the dissolution profile, one can also consider how well the API sustains 493 

the API in solution by addressing the differences between the peak, ‘spring’, concentration and the final, 494 

‘parachute’, concentration. As shown in figure 9, there is a good correlation between how well an inhibitor 495 

sustains the initial ‘spring’ concentrations and the COSMO-rank. By combining both the AUC of the dissolution 496 

profiles and spring-parachute behavior of an inhibitor, a broad landscape of precipitation inhibitor performance 497 

can be seen, which aligns well with the COSMO-RS predictions. 498 

From a mechanistic perspective, the COSMO approach is highly attractive. Specifically, to calculate the energy 499 

required to combine the quantum sigma surfaces of the API and PI, the sigma potential (psσ’), the energy of 500 

forming new contacts between the two must be considered, this is reflected in the COSMO-RS energy term,   501 

E(σ,σ^' ).  This term significantly improves the mechanistic applicability of the approach, as all potential modes of 502 

interaction between API and PI are considered: hydrogen bond interactions, coulombic interactions and van de 503 

Waals interactions (see Appendix 3).   504 

As recently reviewed by our group (Price et al., 2018) the majority of precipitation inhibitors sustain 505 

supersaturated API in solution via interactions. Although varying from system to system, the most common 506 

interactions are hydrogen bond interactions and hydrophobic interactions.  For example, in accord with our 507 

findings, there have been a number of papers that show the successful precipitation inhibition of supersaturated 508 

APIs by Eudragit EPO, this is based on its ability to interact strongly via both hydrogen bonding and hydrophobic 509 



28 
 

interactions. For example, Higashi and co-workers studied the effect of Eudragit EPO in combination with the 510 

poorly soluble drug mefenamic acid with 2D NOESY NMR (Higashi, 2014). The team found that the successful 511 

precipitation inhibition of Eudragit EPO was related to hydrophobic interactions between the aromatic portion of 512 

the API and the EPO polymer backbone; as well as a hydrophilic hydrogen bond interaction between the 513 

aminoalkyl groups of EPO and the carbonyl groups of the API. Such interactions are also possible with 514 

dipyridamole, fenofibrate and glibenclamide.  515 

Furthermore, considering the precipitation inhibitors that did not perform well, one can relate the calculation, 516 

dissolution performance and potential points of interaction from a mechanistic perspective. One of the interesting 517 

cases here is the lack of successful inhibition of dipyridamole precipitation by PVP. As previously mentioned, PVP 518 

is one of the polymers most commonly used as a precipitation inhibitor. However, PVP has been shown to be 519 

ineffective in sustaining dipyridamole in solution, this was also identified by the COSMO-screen and is reflected in 520 

the dissolution performance of the formulation in this study. Chauhan and colleagues demonstrated that no 521 

interaction takes place between PVP and Dipyridamole in the solid state (Chauhan et al., 2013), this is in line with 522 

the results in the current study as well as the fact that the COSMO-calculated enthalpy of interaction was positive 523 

and thus unfavorable.  524 

Ultimately, these robust mechanistic calculations increase the successful prediction of API-PI interaction and thus 525 

precipitation inhibition, as reflected in the strong positive correlations achieved between the COSMO-rank and 526 

the final formulation performance. For a full overview of the COSMO-RS equations, see appendix 3. 527 

 528 

Assumptions and Limitations of the Proposed In Silico Screening Protocol  529 

Our approach, which utilized excess enthalpy calculations to screen precipitation inhibitors, does not take into 530 

consideration the impact of water on the interaction between the API and PI. It has been repeatedly suggested 531 

that for a precipitation inhibitor to successfully sustain drug in solution, it must interact with both the API and the 532 

water in the medium or GI tract (Ting, 2016; Schram, 2015; Price, 2018). To exclude consideration of water’s role 533 

in mediating API interactions with the precipitation inhibitor becomes especially problematic when considering 534 

polymers that have very high hydrophobicity or hydrophilicity, as demonstrated by Schram and co-workers 535 

(Schram, 2015; Schram, 2016). From the data presented in this study, it is clear that the COSMO prediction for 536 

PEG did not correlate to the overall dissolution performance. Furthermore, PEG was the only clear outlier in the 537 

correlation for all three samples. This may be due to the aforementioned potential problem: PEG is very 538 

hydrophilic and is expected to bind and interact preferentially with water. This reduces the direct interaction with 539 
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the API and therefore the desired precipitation inhibitor performance is not realized. The effect of removing PEG 540 

from the dataset is pronounced for all three compounds, such that when the Spearman’s rank correlation 541 

coefficient analysis was repeated without PEG, the correlation between COSMO-rank and dissolution-rank 542 

significantly improved to 0.98 (0.0004, p<0.05) for dipyridamole and glibenclamide, and to 0.8 (0.022, p<0.05) for 543 

fenofibrate. Due to this, the COSMO-RS protocol should be applied with the foresight that outliers and exceptions 544 

may be possible for very hydrophobic and hydrophilic inhibitors. 545 

Another limitation of the COSMO-RS in-silico approach is the focus on local molecular interactions, whereas any 546 

supramolecular effects are neglected. Although factors such as molecular weight, viscosity and diffusivity of the 547 

precipitation inhibitors play an important role in precipitation inhibition (Warren, 2010, Price, 2018), insufficient 548 

information regarding these factors is available for many of the polymers. There are two main hypotheses with 549 

respect to the importance of these parameters to precipitation inhibition. The first, and lesser reported, states 550 

that molecular weight and viscosity affect precipitation inhibition via changes in the diffusion kinetics of both the 551 

drug and polymer in solution (Warren, 2010). Such effects cannot be taken into account by the COSMO-RS 552 

approach at the moment. The second, and more widely reported hypothesis, relates to an increasing number of 553 

binding sites when molecular weight and viscosity are increased (Warren, 2010). Such binding sites increase when 554 

a polymer is at least to some extent swollen in aqueous medium, but such swelling and the theta condition of the 555 

polymer in aqueous medium is an aspect that was not considered in the presented in silico screening. It would 556 

thus be beyond the scope of this approach to determine the effect of viscosity or molecular weight with the 557 

current COSMO-RS protocol. Finally, to complement the enthalpic considerations of interaction of PI with API, 558 

there are also entropic considerations that are not easily considered using the current COSMO-RS approach, 559 

therefore, for some API-precipitation inhibitor combinations, where the interaction is entropically unfavorable, 560 

the COSMO-RS approach may fail to predict the experimental result. Of course, it is also possible that the 561 

interaction is entropically favorable e.g. in the case of disruption of supramolecular structuring of polymers in 562 

aqueous solution, as previously reported (Schram, et al. 2015). 563 

 564 

5. Conclusions  565 

In this work, we describe a novel in silico screening protocol for the selection of precipitation inhibitors for 566 

supersaturating formulations. The protocol uses the COSMO-RS model to calculate excess enthalpy of 567 

interaction between API and precipitation inhibitors, which is then used as a rank-order parameter to select 568 

potential precipitation inhibitors. Conceptually, such an approach may be applied for any enabling formulation 569 
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that requires precipitation inhibitors, for example HME or SDD, but further work is required to validate this 570 

cross-formulation applicability. Despite the simplifications and assumptions in the presented COSMO-RS 571 

protocol, strong positive correlations were obtained between the rank-order prediction and formulation 572 

performance for the APIs studied. Furthermore, given the high-throughput and high-speed nature of the in-silico 573 

calculations, the screening protocol is very attractive as a score-card approach for the design of enabling 574 

formulations for poorly soluble APIs in the pharmaceutical industry. Ultimately, this study highlights how in-silico 575 

tools can be used to improve efficiency of precipitation inhibitor selection as well as the likelihood that the most 576 

optimal formulation will be realized.  577 
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Appendix 1: List of Polymers Used in the Screening Protocol  594 

Alginic Acid Gum 
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Cellulose Acetate Pthalate (CAP)  

Chitosan 

Eudragit EPO 

Eudragit L100 

Eudragit RL100 

Hydroxyethyl methyl cellulose (HEMC)  

Hydroxypropyl methyl cellulose (HPMC)  

Hydroxypropyl methyl cellulose acetate succinate (HPMCAS)  

Hydroxyethyl cellulose (HEC)  

Lactose 

Locust Bean Gum 

Mannitol 

Methyl Cellulose 

Polyethylene gylcol (PEG)  

Polyglycolide (PGA)  

Polylactide (PLA)  

Polylactide-co-polyglycolide (PLGA)  

Pluronic  

Poly(methyl methacrylate) (PMMA)  

Polyvinyl acetate (PVAc)  

Polyacetylene 

Polyether Polyol 

Polyethylene Imine 

Polyvinyl acetate-co-poly(methyl methacrylate) (PVAc-PMMA)  

Polypropylene glycol (PPG)  

Poly(vinyl alcohol) (PVA)  

Poly(vinyl alcohol)-co-polyvinylpyrrolidone (PVA-PVP)  

Polyvinylpyrrolidone (PVP)  

Sodium Carboxymethyl Cellulose (SCMC)  

Sorbitol 

Vitamin E TPGS 
 
 
 
 
 
 
 
 
 
 
Appendix 2: Control Data Crystalline API + Polymers  
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FaSSIF dissolution of crystalline API in combination with each of the selected polymers from the COSMO-RS 

screen showed little to no co-solvency effects. Fenofibrate, out of the three compounds, showed some 

enhancement in combination with all polymers versus dissolution of Fenofibrate alone. (Figure 6)  

 

 

Figure 8. FaSSIF Dissolution Profiles for DPD (a), GB (b) and FF (c) in the crystalline form ( ) and in combination 

with Eudragit EPO (□), Pluronic (X), PEG (  ); 4-6 (b):  HPMCAS (○) , HPMC ( ), Eudragit RLPO (  ); and 7-9 (b): 

PMMA (*), PVP (●) and Chitosan (+).  
 

 595 

 596 

 597 

 598 

Appendix 3: COSMO-RS Equations  599 
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Equation 1, Electrostatic interaction:  𝐸𝑐𝑜𝑙𝑜𝑢𝑚𝑏(σ) =
𝛼

2
(σ + σ′)2 600 

Where α is an adjustable parameter that is calculated in situ via parameterization, and σ and σ’ are the solute and 601 

solvent segment, respectively.  602 

Equation 2, Hydrogen bond interactions:  𝐸ℎ𝑏(σ) = 𝑐hb𝑇𝑚𝑎𝑥[0, σ𝑎𝑐𝑐 − σℎ𝑏] 𝑚𝑖𝑛[0, σ𝑑𝑜𝑛 + σℎ𝑏] 603 

Where σ𝑎𝑐𝑐  and σ𝑑𝑜𝑛 are the sigma profile densities of the hydrogen bond acceptor and donor, respectively. 𝑐hb 604 

and σℎ𝑏 are the adjustable parameters corresponding to the hydrogen bond prefactor and the hydrogen bond 605 

threshold, respectively. This equation is constructed with minimum and maximum thresholds to ensure that the 606 

screening charges exceed the required values for hydrogen bonding to occur.  607 

Equation 3, van der Waals interactions: 𝐸𝑣𝑑𝑤 = ∑ 𝛾𝑘𝐴𝑘𝑘  608 

Where the dispersion energy, 𝐸𝑣𝑑𝑤, is related to the surface area of the contact point, A, on the specific element, 609 

k, and on an adjustable prefactor, γ.  610 

Equation 4, µs calculation: µ𝑠(𝜎) =  −𝑘𝑇𝑙𝑛 ∫ 𝑝𝑠( σ′) exp {
𝐸(σ,σ′)−µ𝑠(σ′)

𝑅𝑇
} dσ′     611 

Where ps(σ’) is the sigma profile of the system, k is an element specific parameter, T is the temperature and R is 612 

the universal gas constant.  613 

Equation 5, µmix calculation: µ𝒔
𝒙 = ∑ 𝒑𝒙(σ)µ𝑠(σ) + µ𝐶,𝑆

𝑋
σ  614 

 615 

 616 

 617 

 618 
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