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ABSTRACT 19 

The present study investigated the use of lipid based drug delivery systems to enhance the oral bioavailability 20 

of the CETP inhibitors CP-532,623 and torcetrapib. A series of self-emulsifying lipid based drug delivery 21 

systems (SEDDS) were assembled and examined using an in vitro lipid digestion model to evaluate patterns 22 

of drug precipitation under simulated intestinal conditions. Drug exposure after oral administration of the same 23 

formulations was subsequently assessed in beagle dogs. CP-532,623 was maintained in a solubilised state 24 

during dispersion of most formulations in simulated intestinal fluid, however, solubilisation capacity was 25 

reduced to various degrees upon in vitro digestion. Administration of SEDDS formulations to beagle dogs 26 

resulted in moderate differences in plasma AUC when compared to the differences in solubilisation observed 27 

in vitro. Similar trends were observed for torcetrapib.  In all cases, however, in vivo exposure of CP-532,623 28 

was greatly enhanced by administration in lipid based drug delivery systems when compared to a powder 29 

formulation. Some correlation between in vitro solubilisation and in vivo drug exposure (AUC) was evident; 30 

however, this was not linear. The data suggest that for highly lipophilic drugs such as CP-532,623 in vitro 31 

digestion data may be a conservative in vitro indicator of utility and that good exposure may be evident even 32 

for formulations that result in significant drug precipitation during in vitro digestion. 33 

Keywords: lipid based drug delivery, in vitro digestion, bioavailability, poorly water soluble drug 34 

  35 



3 

 

Abbreviations 36 

 37 
 38 

SEDDS Self Emulsifying Drug Delivery System 39 

CETP  Cholesteryl Ester Transfer Protein 40 

AUC  Area Under the Curve (Plasma v Concentration Time curve) 41 

PWSD  Poorly Water Soluble Drug 42 

LBDDS Lipid Based Drug Delivery System 43 

GI  Gastrointestinal 44 

AP  Aqueous Phase obtained after in vitro digestion 45 

OP  Oil Phase obtained after in vitro digestion 46 

P  Pellet obtained after in vitro digestion 47 

PCS  Photon Correlation Spectroscopy 48 

HPLC  High Performance Liquid Chromatography 49 

HLB  Hydrophilic Lipophilic Balance 50 

LCMS  Liquid Chromatography Mass Spectrometry 51 
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Introduction 53 

After oral administration, the absorption of poorly water soluble drugs (PWSD) is often hindered by slow 54 

dissolution and low solubility, resulting in incomplete or variable bioavailability (1-3). The oral bioavailability 55 

of PWSD can be enhanced by altering the chemical or physical form of the drug, for example via the isolation 56 

of different salts, cocrystals or polymorphs; or via formulation strategies such as the reduction of particle size, 57 

addition of complexation agents including cyclodextrins, or the stabilisation of amorphous drug though the use 58 

of traditional solid dispersions or high surface area adsorbents such as microporous silica (4-6). 59 

For highly lipophilic drugs, where drug solubility in lipids and surfactants is sufficient to contain the suggested 60 

dose, lipid based drug delivery systems (LBDDS) also provide a proven means of bioavailability enhancement 61 

(7-9). LBDDS typically comprise a solution or preconcentrate of drug in a combination of lipids, surfactants 62 

and cosolvents that is subsequently filled into hard or soft gelatin capsules (10, 11). On capsule rupture and 63 

formulation dispersion or emulsification, LBDDS present drug to the gastrointestinal (GI) tract in a 64 

molecularly dispersed form effectively by-passing traditional drug dissolution, and promoting drug 65 

solubilisation and bioavailability (12). 66 

Whilst the utility of LBDDS is apparent, an appreciation of the formulation properties required for optimal 67 

drug delivery remains unclear and consensus on the essential formulation design parameters is complicated by 68 

drug/formulation specificity, and the limited number of studies relating a suitable in vitro screening 69 

methodology with in vivo evaluation (13-23). 70 

Cholesteryl Ester Transfer Protein (CETP) mediates the transfer of cholesteryl ester from HDL to LDL in 71 

exchange for triglyceride and inhibition of this process is a potential treatment for atherosclerosis (24, 25). As 72 

a class, these small molecule inhibitors are commonly characterised by low aqueous solubility, high food 73 

effects and formulation dependent absorption (26). Torcetrapib, a CETP inhibitor initially explored by Pfizer 74 

as a means to enhance systemic HDL cholesterol, is highly lipophilic (cLog P 7.55) with low aqueous solubility 75 

(<0.04 µg/mL (26)) and provides an excellent example of a model poorly water soluble lipophilic drug. 76 

Perlman et al have previously demonstrated that coadministration with lipid-based self-emulsifying drug 77 

delivery systems (SEDDS) can enhance the oral bioavailability of torcetrapib and reduce variability in drug 78 

exposure related to food effects (26). In attempting to identify a mechanistic justification for relative 79 
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formulation performance, Perlman et al initially examined the particle size of the SEDDS on dispersion but 80 

was unable to identify trends in performance that could be related to particle size (26). 81 

Here, an in vitro lipolysis model has been employed in an attempt to better understand the in vivo performance 82 

of torcetrapib, and a close structural analogue, CP-532,623 (Figure 1) as the lipids and surfactants present in 83 

LBDDS are digested on interaction with pancreatic enzymes and as the digestion products so formed interact 84 

with, and are solubilised by, bile salt micelles secreted in bile (27-31). The in vitro lipid digestion model utilises 85 

simulated intestinal fluid in which LBDDS are dispersed and then subjected to enzymatic hydrolysis by a 86 

pancreatic extract under temperature and pH controlled conditions (32, 33).  PWSD that are dissolved in the 87 

LBDDS are ultimately solubilised in the colloids formed by association of liberated lipid digestion products 88 

(largely fatty acids and monoglycerides) with biliary-derived micellar species, thereby enhancing apparent GI 89 

solubility (16, 34-37). 90 

The current study sought to explore the potential for LBDDS to enhance the oral bioavailability of CETP 91 

inhibitors and to probe in more detail the relationship between endpoints from in vitro lipolysis tests and in 92 

vivo exposure. In doing so we also sought to provide a better explanation for the differences in torcetrapib 93 

bioavailability seen previously. CP-532,623 and an analogous series of LBDDS to those used previously for 94 

torcetrapib (26) were employed for the majority of the studies reported. A particular aspect explored here was 95 

to examine the contribution of individual excipients to overall solubilisation behaviour in the complex 96 

combinations of components often used in LBDDS. In vitro digestion data has been generated for torcetrapib 97 

in an attempt to better explain the previously reported in vivo data, and to provide a comparison of the relative 98 

in vitro-in vivo performance of CP-532,623 and torcetrapib. The data suggest that for both drugs, some 99 

relationship between drug solubilisation patterns in vitro and drug bioavailability in vivo is evident, although 100 

for these CETP inhibitors the relationship is non-linear and good in vivo exposure is evident even under 101 

conditions where solubilisation is maintained for a relatively short period in vitro. The data also suggest that 102 

the overall solubilisation behaviour of the formulations examined is highly dependent on formulation 103 

surfactant content (rather than the medium chain lipids that were also included) and that this is readily apparent 104 

from investigation of individual excipients under digesting conditions. 105 
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 106 

Figure 1 Molecular structures of CETP inhibitors CP-532,623 (left) and torcetrapib (CP-529,414, right). 107 

Materials 108 

CP-529,414 (torcetrapib), CP-532,623, and CP-524,515 (internal standard) were supplied by Pfizer Inc. 109 

Pharmaceutical Sciences (Groton, CT). CP-529,414 (Catalog # PZ0170), CP-532,623 (Catalog # 110 

PZ0225), and CP-524,515 (Catalog # PZ0226), are now commercially available as reference 111 

standards from Sigma Aldrich. Formulation excipients were obtained from the following suppliers: Miglyol 112 

812 N (SASOL North America, Houston, TX); Capmul MCM (Abitec Corporation, Janesville, WI); Labrafil 113 

M 2125 CS (Gattefossé, Saint Priest, France); vitamin E TPGS (Eastman Chemical Company, Kingsport, TN); 114 

polysorbate 80 (Spectrum Laboratory Products, Gardena, CA); Cremophor RH40 (a gift from BASF, 115 

Ludwigshafen, Germany); Triacetin (Sigma Chemical Co., St Louis, MO); Propylene carbonate (Huntsman 116 

Corp., The Woodlands, TX). Gelatin capsules (a gift from Cardinal Health, Dublin, OH) were used as supplied. 117 

Lipolysis media contained: Lipoid E PC S (Phosphatidyl choline from egg lecithin) (Lipoid GmbH, 118 

Ludwigshafen, Germany); Sodium taurodeoxycholate (NaTDC) ≥ 95% (Sigma-Aldrich Co. St. Louis, MO); 119 

Trizma maleate (Sigma-Aldrich St. Louis, MO); Calcium chloride dihydride (BDH, Victoria, Australia); 120 

Sodium hydroxide (Merck, Darmstadt, Germany); Sodium chloride (Chem Supply, South Australia, 121 

Australia); Porcine pancreatin 8 x USP specifications (Sigma-Aldrich Co. St. Louis, MO). Lipolysis was 122 

inhibited by 4-bromophenylboronic acid (Sigma-Aldrich Co. St. Louis, MO). 123 

Water was obtained from a milli-Q (Millipore, Bedford, MA) water purification system. All solvents used 124 

were of HPLC analytical grade and degassed by filtration immediately before use. 125 

Methods 126 
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Preparation of drug loaded lipid based drug delivery systems (LBDDS) 127 

The formulations employed were previously developed for torcetrapib and the methods to prepare the 128 

torcetrapib formulations were described previously (26). The same formulations were used here to generate 129 

data for the comparator compound CP-532,623. CP-532,623 was loaded into all formulations at 50 mg/g. 130 

Formulation composition is tabulated in Table 1. Formulations comprised a combination of Miglyol 812 N 131 

(a medium chain triglyceride), surfactant (Cremophor RH40, polysorbate 80 or vitamin E TPGS) and 132 

cosurfactant (Capmul MCM or Labrafil M 2125) to promote dispersion and emulsification, and cosolvent 133 

(triacetin or propylene carbonate) to increase drug loading. Semi solid excipients (vitamin E TPGS, Cremophor 134 

RH40) were heated to 60°C and mixed thoroughly prior to formulation preparation. All excipients and drug 135 

were weighed directly into glass vials, heated to 37°C for 1 h to promote wetting of the drug prior to being 136 

vortexed regularly (initially every 2-3 h). The formulations were incubated at 37°C over 48 h to allow 137 

equilibration. Any undissolved drug was removed by centrifugation (20 min, 37°C, 2,205g, Eppendorf 5804 138 

R refrigerated centrifuge equipped with an A-4-44 rotor, Eppendorf AG, Hamburg, Germany) and the 139 

supernatant transferred to a new vial before use. The concentration of drug in the formulation was assessed by 140 

HPLC before use. Polarised light (P. W. Allen and Co., London, UK) was used to visually detect the presence 141 

of particles. 142 

Table 1 Composition (% w/w) of formulations. (*) Formulations were assessed in vivo. 143 

# Miglyol Co-solvent High HLB surfactant Low HLB surfactant 

F1 20 15 (Triacetin) 50 (polysorbate 80) 15 (Capmul) 

F2* 20 10 (Triacetin) 50 (CrRH40) 20 (Capmul) 

F3*^ 20 20 (Prop Carb) 20 (TPGS) 40 (Labrafil) 

F4 - 28 (Triacetin) 30 (CrRH40) 42 (Capmul) 

F5 20 20 (Prop Carb) 20 (polysorbate 80) 40 (Capmul) 

F6* 20 20 (Prop Carb) 20 (TPGS) 40 (Capmul) 

F7 20 30 (Triacetin) 35 (CrRH40) 15 (Capmul) 

F8* 20 30 (Triacetin) 20 (polysorbate 80) 30 (Capmul) 

F10*^ 10 40 (Triacetin) 20 (TPGS) 30 (Labrafil) 

I 20 30 (Prop Carb) 20 (TPGS) 30 (Capmul) 

J 20 40 (Prop Carb) 40 (TPGS) - 

M* 20 30 (Triacetin) 20 (CrRH40) 30 (Capmul) 

PP* 15 15 (Triacetin) 40 (CrRH40) 30 (Capmul) 

 144 
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Miglyol: Miglyol 812 N; Prop Carb: propylene carbonate; CrRH40: Cremophor RH40; TPGS: vitamin E 145 
TPGS; Capmul: Capmul MCM; Labrafil: Labrafil M 2125 CS 146 
^ Labrafil M 1944 used in torcetrapib studies 147 

In vitro Evaluation 148 

IN VITRO TESTING PROTOCOL 149 

The in vitro evaluation of LBDDS and individual excipients employed a modified in vitro lipid digestion model 150 

with lower lipid load and a pH closer to that of intestinal pH 6.5 (17). Dispersion and digestion of LBDDS in 151 

simulated intestinal fluid challenges the solubilisation capacity of the precursor formulation and may induce 152 

drug precipitation in some formulations. In these studies, the primary measure of drug solubilisation was taken 153 

as the concentration of drug in the aqueous phase (AP) obtained after separation of precipitated drug and 154 

insoluble materials (P) and drug sequestered into any remaining oil phase (OP) by ultracentrifugation. The 155 

proportion (%) of drug recovered in each phase (AP/OP/P) is also presented and is referred to as the in vitro 156 

drug distribution profile of the dispersed or digested formulation. In addition to AP solubilisation, the drug 157 

distribution profile demonstrates the impact digestion has on dispersion and solubilisation properties when an 158 

oily phase is present. Drug solubilisation profiles on dispersion and digestion are displayed side by side in 159 

Figures 2 and 3 for each excipient and in Figures 4 and 5 for each formulation to highlight the impact digestion 160 

has on drug solubilisation and the utility of the digestion model. 161 

The separation of dispersion and digestion experiments allowed the quantification of drug solubilisation and 162 

precipitation triggered by each event. Both dispersion and digestion procedures were conducted using a 163 

consistent approach with the exception of the addition of pancreatin extract/lipolysis enzymes in the digestion 164 

experiments. Precipitation induced by dispersion or digestion of the precursor formulations was rapid (<15 165 

min, data not shown) therefore the drug distribution profile and the absolute concentration of drug solubilised 166 

in the AP was assessed at a single 30 min endpoint. Experiments were performed using drug dissolved in 167 

individual excipients and in constructed formulations. The patterns of in vitro solubilisation and in vivo 168 

exposure of CP-532,623 were also compared to previous studies with torcetrapib in identical formulations. 169 

Differences in some aspects of the experimental methodologies employed for the two CETP inhibitor studies 170 

are described below. 171 

In vitro evaluation of CP-532,623 172 



9 

 

In vitro dispersion and digestion studies 173 

Drug loaded formulations (120 mg LBDDS containing 6 mg CP-532,623) were dispersed in 9 g digestion 174 

buffer (50 mM tris maleate, 5 mM CaCl2.2H2O, 150 mM NaCl, and 50 mM NaOH) containing 1.25 mM 175 

phospholipid (egg lecithin containing phosphatidyl choline derived from egg yolk) and 5 mM bile salt  (sodium 176 

taurodeoxycholate) representative of fasted state intestinal conditions. The digestion mixture was maintained 177 

at 37°C using a jacketed vessel attached to a water bath with stirring for 5 min before adjusting to pH 6.5 using 178 

1 M NaOH or HCl as required. 179 

Following equilibration, a 1 mL aliquot of either milli-Q or pancreatin extract solution was added to initiate 180 

the dispersion and digestion procedures respectively. Pancreatin extract contained ~10,000 TBU of pancreatic 181 

lipase (equivalent to ~1,000 TBU/mL digest) and was prepared by the addition of 1 g pancreatin powder to 4 182 

mL milli-Q water followed by stirring for 10 min prior to centrifugation (20°C, 15 min, 2,205g) to isolate the 183 

extract (supernatant). Both dispersion and digestion procedures continued for 30 min during which time 184 

stoichiometric titration of the liberated fatty acids (0.5 M NaOH) maintained the mixture at pH 6.5. 185 

After 30 min 4.2 mL aliquots of the digestion media were added to polyallomer tubes containing 42 µL 3 mM 186 

4-bromophenylboronic acid (in methanol) to inhibit lipolysis. Ultracentrifugation (336,238g, 30 min, 37°C, 187 

Optima XL-100K ultracentrifuge, SW-60 rotor, Beckman, Palo Alto, CA) separated the sample into undigested 188 

oil, aqueous and pellet phases. To quantify the proportion of drug in each phase, the oil phase (OP) was firstly 189 

aspirated from the top of the polyallomer tube and added to a 5 mL volumetric flask containing 50 µL 1 M 190 

HCl and made to volume with chloroform/methanol (2:1 v/v). Secondly, the aqueous phase (AP) was collected 191 

by piercing the side of the tube with a needle and withdrawing the aqueous phase to avoid contamination by 192 

residual oil phase or the pellet phase. The pellet (P) was subsequently transferred to a 5 mL volumetric flask 193 

and treated in the same way as the oil phase sample. All phases were diluted at least 1:10 (v/v) with acetonitrile 194 

and assayed for CP-532,623 as described below. 195 

Particle size of dispersed LBDDS 196 

The mean particle size of the dispersed emulsion droplets present in the dissolution media was determined 197 

using photon correlation spectroscopy (PCS). Dispersions were prepared in a USP II dissolution apparatus 198 

(Erweka, Germany) by addition of LBDDS (1 g) to 200 mL milli-Q equilibrated to 37°C. Gentle agitation was 199 
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applied with a stainless steel paddle positioned beneath the solution meniscus at a rotation speed of 60 rpm. 200 

The particle size of dispersed LBDDS was measured in triplicate and the mean intensity recorded (Malvern 201 

Zetasizer 3000, Malvern Instruments Ltd, UK). 202 

Quantification of CP-532,623 in in vitro experiments by HPLC 203 

Quantification of CP-532,623 in each of the separated phases (AP/OP/P) after formulation dispersion or 204 

digestion was performed using a previously developed and validated assay (38). Chromatography was 205 

conducted using a Waters Alliance system equipped with a 486 UV detector and Phenomenex Luna C8 100A 206 

150 × 4.6mm, 5 µm column maintained at 25°C. Mobile phase (MP) was delivered using a gradient consisting 207 

of combination of MP A (90% v/v milli-Q water and 10% v/v acetonitrile and MP B (95% v/v acetonitrile and 208 

5% v/v milli-Q water). At a flow rate of 1 mL/min, 50% MP B was linearly increased to 100% MP B over 8 209 

min, held at 100% MP B for 5.5 min, then returned to 50% MP B over 1.5 min. Mobile phase was held at 50% 210 

MP B for an additional 3 min prior to the next injection. Total run time was 18 min. CP-532,623 was detected 211 

at 254 nm and eluted at 9.9 min. Samples were maintained at 4°C in the autosampler prior to injection of 25 212 

µL. Integration was performed with Empower software (Waters, Milford, MA). 213 

The HPLC assay was validated for CP-532,623 by analysis of replicate (n = 5) standards at three 214 

concentrations:  0.25, 10, and 20 μg/mL in acetonitrile. The assay was determined to be accurate to 105.9, 215 

97.7, and 100.5% of the nominal concentration and precise to ± 0.33, 0.39, and 0.41% at 0.25, 10, and 20 216 

µg/mL respectively. Inter–assay variability was determined to be accurate to 100.6, 98.8, and 100.4% of the 217 

nominal value and precise to ± 12.6, 0.9, and 0.1% at 0.25, 10, and 20 µg/mL respectively. The assay was 218 

linear over the concentration range investigated. The lower limit of quantitation was 0.25 μg/mL. 219 

In vitro evaluation of torcetrapib 220 

In vitro dispersion testing for torcetrapib containing formulations was conducted by dilution (1:100) of each 221 

formulation in water and visual assessment of precipitation using an optical microscope with a polarizing filter 222 

(26). In vitro digestion of formulations containing torcetrapib utilised the methods described above, however 223 

the volume was scaled up to 50 mL digestion media. In contrast to the studies with CP-532,623 where 224 

formulations were loaded with the same mass of drug (50 mg/g CP-532,623), the torcetrapib studies utilized a 225 

higher drug load (90 mg torcetrapib) to exploit the greater solubility in some formulations (see below). As 226 
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such the quantity of formulation in the digest varied with drug solubility in the precursor formulation. 227 

Formulations (Table 1) with high drug solubility were loaded at 125 mg/mL torcetrapib (I and J); moderate 228 

solubility 100 mg/mL (F5, F6, F7, F8, F10, and M), 80 mg/mL (F3), or 75 mg/mL (F4); and low solubility 50 229 

mg/mL (F1, F2, PP, and Miglyol 812 N). This protocol was adopted to allow comparison with previously 230 

published in vivo studies that were conducted using the same formulations at the same drug loads (26). 231 

PRE-CLINICAL BIOAVAILABILITY STUDIES IN BEAGLE DOGS 232 

In vivo evaluation of CP-532,623 after oral administration in a series of LBDDS 233 

Based on the in vitro digestion studies, eight formulations were selected and assessed in vivo to examine the 234 

relationship between aqueous phase drug solubilisation after in vitro digestion and in vivo exposure and to 235 

identify the formulation characteristics/components that support drug solubilisation and absorption. 236 

All animal studies were approved and preceded in accordance with The Code of Ethics of the World Medical 237 

Association (Declaration of Helsinki) for experiments involving humans 238 

http://www.wma.net/e/policy/b3.htm; EC Directive 86/609/EEC for animal experiments 239 

http://europa.eu.int/scadplus/leg/en/s23000.htm; and were approved by the local Institutional Animal 240 

Experimentation Ethics Committee. The study was conducted as two four-way crossovers in four fasted male 241 

beagle dogs (12-22 kg), where each animal received eight different treatments (composition of formulations 242 

marked with an asterisk in Table 1) with a minimum washout period of 7 days between doses. 243 

The study treatments were representative of a range of formulations with varying composition and in vitro 244 

drug solubilisation properties. Subgroups of formulations allowed evaluation of specific excipient effects: 245 

formulations M, PP and F2 comprised increasing Cremophor RH40 concentration (containing 20, 40, and 50% 246 

w/w Cremophor RH40 respectively); formulations M and F8 differed only by the nature of the high HLB 247 

surfactant (Cremophor RH40 and polysorbate 80 respectively); and formulations F3 and F6 differed only by 248 

the nature of the low HLB surfactant (Labrafil M 2125 CS and Capmul MCM respectively). An additional 249 

formulation containing Vitamin E TPGS and Labrafil M 2125 (F10) and a simple lipid solution formulation 250 

comprising Miglyol 812 N only were also included. Each treatment consisted of 30 mg CP-532,623 (50 mg/g) 251 

dissolved in 600 mg LBDDS and filled into a single soft gelatin capsule. The capsule was administered orally 252 

with 50 mL water. 253 
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Dogs were fasted for at least 12 h prior to dosing and remained fasted until 10 h after dosing with water 254 

available ad libitum. The concentration of drug in the plasma was monitored over time. Blood samples (3 mL) 255 

were collected prior to dosing and at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, and 10 h post dose via an indwelling 256 

cannula positioned in the cephalic vein and at 24 h by individual venipuncture. Blood samples were deposited 257 

into tubes containing 20 U/mL heparin. Plasma was separated within 2 h by centrifugation (1,328g, 10 min) in 258 

an Eppendorf 5702 R/A-4-38 centrifuge, (Eppendorf AG, Hamburg, Germany) and stored at -80°C until 259 

sample analysis. Plasma samples were prepared for analysis by liquid-liquid extraction and CP-532,623 260 

quantified using a validated LCMS method as described below (39). 261 

Capsule Preparation 262 

Air filled soft gelatin capsules were filled with formulation using a syringe and needle (21G) no more than 24 263 

h prior to dosing. The physical stability of filled capsules was tested by comparing the time taken for the 264 

capsule to rupture in simulated gastric media immediately after filling and again after 24 h. Capsule rupture 265 

was assessed using a USP dissolution apparatus containing 200 ml of 0.1 M HCl at 37°C and 60 rpm. The time 266 

taken to rupture was approximately 7-10 min and was not affected by storage for 24 h. 267 

Analytical Methods 268 

Standard Preparation 269 

Calibration standards for CP-532,623 were prepared by spiking blank beagle plasma (500 µL) with CP-270 

532,623 standard solutions (2.5-37.5 µL) in acetonitrile to give plasma concentrations in the range of 2.5 to 271 

750 ng/mL. The standards were prepared by the addition of: 37.5, 25 and 10 µL of a 10 µg/mL CP-532,623 272 

solution; 25, 10, 5 and 2.5 µL of a 1 µg/mL solution; and 5 µL of a 0.25 µg/mL solution to 500 µL aliquots of 273 

blank beagle plasma. Each standard was also spiked with 10 µL of an internal standard solution (10 µg/mL 274 

CP-524,515 in acetonitrile). Standards were thoroughly mixed before liquid-liquid extraction as described 275 

below. Duplicate quality control (QC) samples at both 100 ng/mL and 400 ng/mL were included in each 276 

analytical run. Analytical runs were accepted where no more than one QC sample deviated by more than 25% 277 

of the target concentration. 278 

Sample Preparation 279 
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Plasma samples were spiked with 10 µL of internal standard (10 µg/mL CP-524,515 in acetonitrile) and 280 

thoroughly mixed by vortexing for 1 min. Precipitation of plasma proteins was induced by addition of 500 µL 281 

acetonitrile, vortexing for 1 min and centrifugation at 2,205g for 5 mins. CP-532,623 was extracted into 4 ml 282 

of tert-butyl methyl ether (TBME) by vortexing for 1 min and separation by centrifugation (2,205g, 5 min). 283 

The organic phase (supernatant) was then transferred to a new tube and the solvent evaporated to dryness for 284 

1 h under a flow of nitrogen gas, aided by heating at 37°C in a water bath, using an N-EVAP 112 analytical 285 

evaporator (Organomation, Berlin, MA). The dried extract was reconstituted with 100 µL of mobile phase B 286 

(85:10:5 (v/v) methanol-water-acetonitrile with 2 mM ammonium acetate and 0.1% formic acid), vortexed (1 287 

min) and centrifuged (2,205g, 5 min). The reconstituted solution was assayed for drug content by LCMS as 288 

described below. Samples with a concentration above the range of the calibration standards were diluted 1:2 289 

in blank plasma, extracted by the procedure described above and re-assayed. Unknown concentrations were 290 

determined by comparison of the peak height ratio of CP-532,623 (target) and CP-524,515 (internal standard) 291 

with the calibration curve plotted as calibration standard concentration verses peak height ratio of 292 

target:internal standard. 293 

Quantification of CP-532,623 in plasma samples by LCMS 294 

CP-532,623 in the reconstituted samples was quantified by HPLC in conjunction with mass spectrometry.  A 295 

CBM-20A system controller (Shimadzu Scientific Instruments, Kyoto, Japan) relayed information between 296 

the instrument and LCMS workstation. Samples were refrigerated at 15°C in a Shimadzu SIL-20AC 297 

autosampler prior to injection of 5 µL onto a Phenomenex Gemini C18 110A column (3 µm particle size, 50 298 

mm × 2.00 mm i.d. Phenomenex, CA) held at 29°C in a CTO-20A column oven (Shimadzu Scientific 299 

Instruments, Kyoto, Japan). A flow rate of 0.4 mL/min and a binary gradient was maintained by two LC-20AD 300 

pumps (Shimadzu Scientific Instruments, Kyoto, Japan) and mobile phase preserved in a degassed state using 301 

an on-line DGU-20A5 solvent degasser (Shimadzu Scientific Instruments Kyoto, Japan). Mobile phase A (MP 302 

A) was 95:5 (v/v) water-methanol with 2 mM ammonium acetate and 0.1% v/v formic acid, mobile phase B 303 

(MP B) was 85:10:5 (v/v) methanol-water-acetonitrile with 2 mM ammonium acetate and 0.1% v/v formic 304 

acid. The mobile phase gradient sequence was as follows: MP B was initially held at 85% for 0.5 min, then 305 

linearly increased to 100% over the next 2.5 min, prior to holding at 100% for 2.5 mins, and return to 85% 306 

over 0.5 min. MP B was then held at 85% for 3 min prior to injection of the subsequent sample. The total run 307 
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time was 9 mins per injection with the CP-532,623 eluting at 3.2 min and the internal standard (CP-524,515) 308 

eluting at 3.9 min. Data acquisition and processing was performed using LCMS Solutions software (Shimadzu 309 

Scientific Instruments, Kyoto, Japan). Detection of CP-532,623 was effected by a Shimadzu single quadrupole 310 

mass spectrometer with an atmospheric pressure chemical ionisation (APCI) interface in positive mode. CP-311 

532,623 was detected by selective ion monitoring (SIM) of the 615.90 mass/charge ion peak (m/z) ([M + 312 

H2O]+) and the internal standard CP-524,515 at 631.80 m/z ([M + H2O]+). The APCI interface was maintained 313 

at 250°C and the heat block and curved desolvation line (CDL) at 200°C. Interface and CDL voltages were 314 

4.5 kV and -50.0 V respectively. The Nebulizer gas flow rate was 2.5 L/min, and the drying gas flow rate 10 315 

L/min. The validation procedure included additional detection using a SPD-20A UV/Vis detector at 316 

wavelength 254 nm. Flow to the MS was redirected to waste for the first 1.5 min and between 7-9 min using 317 

a flow diverter positioned after the column. 318 

Assay Validation 319 

The extraction methodology and LCMS assay was validated for CP-532,523 via analysis of replicate 320 

calibration standards (n=5) at 2.5, 50, 200, and 750 ng/mL. The assay was determined to be accurate to 107.0, 321 

98.2, 102.1, and 101.2% of the nominal concentration and precise to a CV of ± 9.5, 5.9, 3.2, and 1.0% at 2.5, 322 

50, 200, and 750 ng/mL respectively. The inter-assay variability was accurate to 106.7, 97.0, 99.2, and 105.0% 323 

and precise to ± 3.3, 1.1, 3.1, 4.0% at 2.5, 50, 200, and 750 ng/mL respectively. The assay was linear over the 324 

concentration range investigated. The lower limit of quantitation was 2.5 ng/mL. 325 

Pharmacokinetic data analysis 326 

Peak plasma concentration (Cmax) and the time of occurrence (Tmax) were noted directly from the plasma 327 

concentration vs. time profiles. First order terminal elimination rate constants (k) were determined from the 328 

gradient of the terminal log-linear phase of individual plasma drug concentration vs. time profiles and the 329 

elimination half-life (t1/2) subsequently calculated as 0.693/k. The area under the plasma concentration vs. time 330 

profiles from time zero to the last measured concentration (AUC0-24 h) was calculated using the linear 331 

trapezoidal method. The area under the plasma concentration vs. time profiles from time zero to infinity (AUC0-332 

∞) was calculated by adding the area obtained by extrapolation from the last plasma sample (Clast) to infinite 333 

time (Clast/k) to AUC0-24 h. 334 
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Relative bioavailability was assessed for statistically significant differences by ANOVA followed by post hoc 335 

Tukey test for multiple comparisons at a significance level of α = 0.05. All statistical analysis was performed 336 

using IBM SPSS Statistics for windows version 20.0.0 (SPSS Inc., Chicago IL). 337 

In vivo evaluation of torcetrapib after oral administration in a series of LBDDS  338 

In vivo studies for torcetrapib utilised higher doses (90 mg) and the formulation quantity varied (0.9 - 1.8 g). 339 

Formulations F2, F3, F6, F8, F10, M, and Miglyol 812 N were administered with 50 mL water, maintaining a 340 

ratio of formulation to fluid that was consistent with the in vitro digestion studies. A detailed description of 341 

the torcetrapib in vivo study and sample analysis is reported in Perlman et al. (26). The data are repeated here 342 

to allow correlation with in vitro digestion studies and to allow comparison with CP-532,623. 343 

Results 344 

In vitro evaluation 345 

Solubilisation of CP-532,623 after in vitro dispersion and digestion of formulation excipients 346 

The impact of dispersion and lipid digestion on the solubilisation properties of a series of simple solutions of 347 

CP-532,623 in individual excipients across four excipient classes (lipid, surfactant, cosurfactant, cosolvent) 348 

was assessed in an effort to understand the contribution of each excipient to overall drug solubilisation in 349 

LBDDS. 350 

In these studies CP-532,623 was dissolved in each excipient at 50 mg/g, except where equilibrium solubility 351 

in the excipient was below 50 mg/g (where drug was included at 34, 29 and 41 mg/g respectively for 352 

Cremophor RH40, polysorbate 80 and vitamin E TPGS). The drug distribution profile across AP/OP/P phases 353 

after in vitro dispersion and digestion is provided in Figure 2 and the concentration of drug solubilised in the 354 

AP in Figure 3. Dispersion of the lipids (Miglyol 812 N, Capmul MCM and Labrafil M 2125 CS) was limited 355 

in simple aqueous solution and in all cases drug remained solubilised in the lipid phase after centrifugation 356 

(Figure 2A, grey bars), and aqueous phase concentrations were low (Figure 3A). Capmul MCM and Labrafil 357 

M 2125 CS, whilst lipidic in nature, have some amphiphilicity and might also be regarded as low HLB 358 

surfactants, however the low water solubility of these materials precluded significant dispersion and behaviour 359 

similar to that of Miglyol 812 N was evident. One notable exception was that dispersion of Capmul MCM 360 
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resulted in a lipid phase that was more dense than the aqueous phase and therefore gravitated towards the 361 

bottom of the tube under the influence of ultracentrifugation, rather than floating (as was the case with Miglyol 362 

812 N and Labrafil M 2125 CS). 363 

Initiation of digestion resulted in quite different behaviour for the three lipid/low HLB surfactant excipients. 364 

Capmul MCM, is a mixture of glycerides of primarily C8 fatty acids and comprises ~60% monoglyceride, 365 

35% diglyceride and 5% triglyceride. Capmul is readily digested to form (largely) monocaprylin and caprylic 366 

acid. These digestion products are relatively polar, have some water solubility and are efficiently solubilised 367 

into bile salt micelles. The digestion products so produced and the colloidal species produced by intercalation 368 

of these digestion products into bile salt micelles, appeared to have very limited solubilisation capacity for CP-369 

532,623. As such >90% w/w of the incorporated drug precipitated on digestion of Capmul MCM (Figure 2A, 370 

Capmul, white bar) and aqueous phase concentrations remained low (Figure 3A). In the case of Capmul MCM 371 

it is also possible that some oil phase may have been inseparable from the pellet since the oil phase produced 372 

was more dense than water. However visual assessment of the tube contents post digestion suggests that any 373 

remaining oil phase post digestion was minimal. In contrast, the digestion of Miglyol 812 N (a mixture of di- 374 

and tri-acylglycerols of C8 and C10 fatty acids, the majority being triglycerides), was incomplete and an oil 375 

phase remained at the end of the digestion period (Figure 2A, Miglyol, grey bar). This oil phase retained much 376 

of the incorporated drug (>50% w/w). The fate of the drug that was dissolved in the fraction of the Miglyol 377 

812 N that was digested was split between solubilisation in the aqueous phase (Figure 2A, Miglyol, blue bar) 378 

and precipitation (white bar), such that ~30% w/w precipitated and 20% w/w remained solubilised. As such 379 

somewhat higher aqueous phase drug concentrations were apparent after digestion of Miglyol 812 N when 380 

compared to the other oils (Figure 3A).  Labrafil M 2125 CS is a complex mixture of materials including a 381 

mixture of mono, di and trigycerides of C18:2 (linoleic acid) and mono and di-esters of PEG300. Notably, the 382 

lipids in Labrafil M 2125 CS are long chain lipids and previous studies have shown that these are less readily 383 

digested in vitro than their medium chain comparators (32, 40). Labrafil M 2125 CS also forms a relatively 384 

course dispersion on initial dilution into aqueous media. This dispersion coalesces on centrifugation to form a 385 

floating oil phase in which >95% w/w of the drug is solubilised. Under these circumstances drug remained 386 

sequestered in an undispersed lipid phase after both dispersion and digestion (Figure 2A, Labrafil, grey bars) 387 

and drug concentrations in the aqueous phase were very low (Figure 3A). 388 
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The cosolvents triacetin and proplyene carbonate were unable to maintain any appreciable quantity of drug in 389 

a solubilised state after either dispersion or digestion with drug precipitation accounting for >98% w/w of 390 

incorporated drug (Figure 2C, white bars). In fact, the concentration of drug present in the aqueous phase of 391 

the digests after dispersion of triacetin and propylene carbonate was less than the equilibrium solubility of CP-392 

532,623 in blank simulated intestinal media (Figure 3C), suggesting that the presence of cosolvent reduced 393 

micellar solubilisation. 394 

The high HLB surfactants, perhaps unsurprisingly, were by far the most effective solubilisers, and of these 395 

Cremophor RH40 outperformed both polysorbate 80 and vitamin E TPGS (Figure 2B). In all cases aqueous 396 

phase drug concentrations were higher after dispersion or digestion of the surfactants when compared to the 397 

lipids or cosolvents (Figure 3B), suggesting a larger role for the surfactants in dictating formulation 398 

performance then the cosolvents or lipids. Interestingly, initiation of digestion had no significant impact on 399 

solubilisation capacity of the surfactants examined here for CP-532,623. 400 

 401 

Figure 2 Drug distribution profile after in vitro dispersion (left bars) and digestion (right bars) of lipid based 402 

formulations. Individual bars - white, blue, and dark grey - represent the proportion of drug distributed to the 403 

pellet, aqueous and oil phases respectively after in vitro dispersion and digestion [mean ± SD (n = 3)]. Drug 404 

loading of high HLB surfactants Cremophor RH40, polysorbate 80, and vitamin TPGS, was limited by CP-405 

532,623 solubility (34, 29, 41 mg/g respectively) and these were assessed at drug saturation. Otherwise, 406 

excipients contained 50 mg/g CP-523,623. (*) Miglyol 812 N was subsequently assessed in vivo. 407 
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 408 

Figure 3 Aqueous phase drug solubilisation after in vitro dispersion (dark grey bars) and digestion (blue bars) 409 

of excipients. Each excipient (120 mg) was digested at pH 6.5 for 30 min and contained 50 mg/g CP-532,623 410 

with the exception of high HLB surfactants Cremophor RH40, polysorbate 80, and vitamin TPGS where drug 411 

loading was limited by CP-532,623 solubility (34, 29, 41 mg/g respectively). All concentrations are normalised 412 

to 6 mg CP-532,623 [mean ± SD (n = 3)]. (*) Miglyol 812 N was subsequently assessed in vivo. 413 

Solubilisation of CP-532,623 after in vitro dispersion and digestion of LBDDS 414 

Subsequent studies evaluated drug solubilisation patterns after dispersion and digestion of lipid based 415 

formulations rather than individual excipients. The formulations examined here are identical to those 416 

previously described by Perlman et al. (26) and were deliberately employed to take advantage of the available 417 

in vivo data for torcetrapib and therefore the opportunity to compare in vitro drug solubilisation properties and 418 

in vivo exposure across two CETP inhibitor structural analogues. Lipid based formulations were prepared with 419 

a range of compositions of lipid, surfactant and cosolvent. Combinations were chosen initially based on 420 

isotropy, drug solubility in the formulation and the ability to self-emulsify, based on the previous data obtained 421 

for torcetrapib. The formulations were explored in detail here with CP-532,623, but data was also generated 422 

with torcetrapib to allow comparison across the series (see below). For CP-532,623, the presence of drug did 423 

not affect miscibility and all formulations were isotropic and self-emulsified to form dispersions with particle 424 

sizes ranging from 22-250 nm (Table 2). The ability of the formulations to retain CP-532,623 in a solubilised 425 

state (i.e. to prevent precipitation) on formulation dispersion and subsequently on initiation of digestion are 426 

summarised in Figure 4 (drug distribution between phases) and Figure 5 (AP concentration). To aid 427 
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interpretation the data have been grouped by surfactant. Formulations based on polysorbate 80 are described 428 

in panel A, Cremophor RH40 in panel B and vitamin E TPGS in panel C. The in vitro digestion profiles for 429 

each formulation are provided in the supplementary information (supplementary Figure S4). 430 

In general, and in marked contrast to the data obtained with the individual excipients, combining the lipid 431 

components with the surfactants and cosolvents resulted in very effective drug solubilisation on dispersion due 432 

to the formation of highly dispersed lipid colloidal phases. Indeed significant drug precipitation on dispersion 433 

was only evident for formulation J (Figure 4C, Formulation J, white bar). The lack of solubilisation capacity 434 

for J most likely reflects the high proportion of included cosolvent (40% w/w propylene carbonate) since 435 

dispersion of the cosolvents employed had no ongoing solubilisation capacity after dilution (Figure 2C). F10 436 

included 40% w/w triacetin, but in this case the presence of 30% w/w Labrafil resulted in the generation of an 437 

incompletely emulsified oil phase (Figure 4C, F10,  grey bars), that separated (creamed) on centrifugation, and 438 

retained much of the drug, effectively protecting against precipitation. A similar trend was evident on 439 

dispersion of F3, which was the only other formulation to include a significant quantity of Labrafil (40% w/w), 440 

and where again a large proportion of the included drug was sequestered into a poorly dispersed oil phase on 441 

dispersion. Incompletely emulsified oil phases that phase separated on centrifugation were also evident in 442 

formulations containing low quantities (20% w/w) of polysorbate 80 (F5, F8) and low quantities of vitamin E 443 

TPGS (F6) (Figure 4, grey bars). The only exception to this trend was formulation I which also contained 20% 444 

w/w vitamin E TPGS, but dispersed more readily. In this case the higher quantities of cosolvent (30% w/w) 445 

appeared to promote dispersion. In general, formulations containing propylene carbonate seemed to provide 446 

better emulsification than triacetin, perhaps because of its much lower viscosity. Dispersion properties were 447 

highly sensitive to this ratio since F6, that contained exactly the same proportions of vitamin E TPGS (20% 448 

w/w) and Miglyol 812 N (20% w/w) as I, but slightly different proportions of Capmul (40% w/w) and 449 

propylene carbonate (20% w/w) resulted in less efficient dispersion/emulsification behaviour. Formulations 450 

containing larger quantities of polysorbate 80 (F1 - 50% w/w) or Cremophor RH40 (F2 - 50%, PP - 40%, F7 451 

- 35% w/w) all emulsified to form highly dispersed aqueous phases with limited precipitation. Formulation 452 

with lower quantities of Cremophor RH40 (F4 - 30% and M - 20% w/w) also resulted in the formation of less 453 

effectively dispersed aqueous phases, a proportion of which phase separated on centrifugation. 454 
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Whilst most formulations effectively prevented drug precipitation on dispersion, initiation of digestion had a 455 

profound impact on drug solubilisation behaviour and in almost all cases stimulated very significant 456 

precipitation. This is evident in Figure 4 in the transition from blue or grey bars at the left of the pairs of data 457 

representing dispersion (left) and the notable appearance of white bars in the right hand bars representing 458 

digestion for almost all formulations. For all the polysorbate 80 containing formulations, >90% w/w of the 459 

included drug precipitated on formulation digestion. Similarly, the performance of the vitamin E TPGS 460 

formulations post digestion was poor in most cases (J, I, F6), although those containing Labrafil (F3, F10) 461 

appeared to limit precipitation on digestion over the timescale of the in vitro test, due to drug retention in an 462 

incompletely digested and dispersed oil phase. For the Cremophor RH40 formulations the degree of 463 

precipitation post digestion was highly dependent on the quantity of included surfactant and very significant 464 

precipitation (>80% w/w of included drug) was evident for formulations F7, F4 and M where the surfactant 465 

content was <35% w/w. In contrast formulations containing larger proportions of Cremophor (F2 - 50%, PP - 466 

40% w/w) resulted in the most effective post-digestion solubilisation, although even in this case significant 467 

precipitation (>60% w/w of included drug) was still apparent. 468 

The degree of digestion of the formulations reflected the quantity of glyceride in the formulation since the 469 

surfactants liberated far less fatty acid on digestion and therefore made little contribution to overall digestion 470 

in these mixed systems (supplementary Figures S3 and S4). For these LBDDS, the extent of solubilisation was 471 

most effectively correlated with the quantity of surfactant present and was particularly enhanced by the 472 

presence of Cremophor RH40. 473 
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Table 2 Emulsion droplet size of dispersed formulations. (*) Formulations were assessed in vivo. 474 

Formulation Mean droplet size [nm] 

F1 38 

F2*^ 22 

F3* 250 

F4 30 

F5 44 

F6* 36 

F7 124 

F8* 159 

F10* 198 

I 154 

J 211 

M* 51 

PP*^ 26 

 475 
^volume of dispersed formulation doubled to 2 mL since 1 mL formulation in 200 mL milli-Q was optically 476 
clear and could not be sized. 477 

478 

Figure 4 Drug distribution profile after in vitro dispersion (left bars) and digestion (right bars) of lipid based 479 

formulations. Individual bars - white, blue, and dark grey - represent the proportion of drug distributed to the 480 

pellet, aqueous and oil phases respectively after in vitro dispersion and digestion [mean ± SD (n = 3)]. Each 481 

formulation contained 50 mg/g CP-523,623. (*) Formulations were subsequently assessed in vivo. 482 
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Formulations are grouped by surfactant present: Panel A - polysorbate 80; B - Cremophor RH40 (in order of 483 

decreasing Cremophor content); C - vitamin E TPGS. 484 

 485 

Figure 5 Aqueous phase drug solubilisation profiles after in vitro dispersion (dark grey bars) and digestion 486 

(blue bars) of lipid based formulations. (*) Formulations were subsequently assessed in vivo. Formulations are 487 

grouped by surfactant present: Panel A - polysorbate 80; B - Cremophor RH40 (in order of decreasing 488 

Cremophor content); C - vitamin E TPGS. Each formulation (120 mg) contained 50 mg/g CP-532,623 and was 489 

digested at pH 6.5 for 30 min. All concentrations are normalised to 6 mg CP-532,623 [mean ± SD (n = 3)]. 490 

Solubilisation of torcetrapib after in vitro digestion 491 

As described previously (26), no drug precipitation was evident on in vitro dispersion of the torcetrapib 492 

LBDDS, consistent with the majority of the data obtained on dispersion of the CP-532,623 formulations. Also 493 

consistent with the CP-532,623 data, in vitro digestion of the LBDDS containing torcetrapib induced 494 

significant drug precipitation and the reduction in drug solubilisation capacity after in vitro digestion varied 495 

with formulation composition (Figure 6). 496 

Solubilisation of torcetrapib in the aqueous phase was lower after in vitro digestion of F8 (20% polysorbate 497 

80) compared to that of an analogous formulation (M) containing Cremophor RH40 (0.07 and 0.17 mg/mL 498 

respectively). As seen for CP-532,623, formulations containing higher quantities of Cremophor RH40 (such 499 

as F2, 50% Cremophor RH40) resulted in the most effective drug solubilisation. Of the formulations containing 500 

vitamin E TPGS, reasonable drug solubilisation was maintained during in vitro digestion for F3, although this 501 

may be due to the presence of Labrafil rather than TPGS. The benefit of Labrafil is also evident by comparison 502 
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of F3 to F6 where Labrafil was replaced by Capmul and this resulted in a drop in AP solubilisation from 0.32 503 

to 0.12 mg/mL respectively. 504 

F10, which also contained Labrafil (30% w/w) had reduced AP solubilisation, most likely as a result of the 505 

inclusion of higher concentrations of cosolvent (40% triacetin) which, as described for CP-532,623, had limited 506 

capacity to maintain drug in a solubilised state upon dispersion in aqueous media (Figure 3C). 507 

Torcetrapib solubilisation was more limited after digestion of the Miglyol 812 N solution when compared to 508 

CP-532,623. Torcetrapib is more lipophilic than CP-532,623 (cLog P 7.55 and 6.62 for torcetrapib and CP-509 

532,623 respectively) and might therefore be more prone to sequestration in the undispersed oil phase, thereby 510 

reducing solubilisation by medium chain lipid-based micelles. The combination of Miglyol 812 N with 511 

surfactants improved solubilisation, particularly in formulations containing high proportions of Cremophor 512 

RH40 (F2).  513 

 514 

Figure 6 Aqueous phase drug solubilisation profile after in vitro digestion of lipid based formulations 515 

containing torcetrapib. All formulations were subsequently assessed in vivo. Each formulation contained 90 516 

mg/g torcetrapib and was digested in 50 mL digestion media at pH 6.5 for 30 min. 517 

In vivo evaluation 518 

Relative bioavailability of CP-532,623 after oral administration of LBDDS  519 

Two four way cross over studies were subsequently conducted in beagle dogs to explore the differences in 520 

drug exposure resulting from administration of a selection of eight of the investigated formulations. The 521 

formulations chosen for in vivo evaluation were selected to provide a range of in vitro performance and to 522 

provide some specific ‘head to head’ excipient comparisons. F3 and F6 were chosen since these differ only by 523 
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the nature of the low HLB surfactant (40% w/w Labrafil M 2125 CS vs. 40% Capmul MCM for F3 and F6 524 

respectively). M and F8 were evaluated since these differ only in the nature of the included high HLB surfactant 525 

(20% w/w Cremophor RH40 in M vs. 20% polysorbate 80 in F8), and M, PP and F2 were chosen since they 526 

differ by virtue of the quantity of included Cremophor RH40 (M - 20%, PP - 40%, and F2 - 50% w/w). An 527 

additional formulation containing Labrafil M 2125 (F10) and a Miglyol 812 N only formulation were also 528 

included to represent a range of drug solubilisation patterns across all eight formulations. The summary 529 

pharmacokinetic parameters are provided in Table 3. Due to some differences in the weight of the beagles (12-530 

22 kg) the plasma concentration vs. time profiles were normalised to a nominal dose of 1.5 mg/kg CP-532,623. 531 

The mean plasma profiles are presented in the supplementary information (Figure S1). Across the eight 532 

formulations, differences in in vivo exposure of CP-532,623 were apparent, but were relatively moderate (<2 533 

fold in either AUC or Cmax). The limited number of animals in each group and relatively small range precluded 534 

attainment of statistical significance across the group, including the specific comparisons alluded to above (F3 535 

vs. F6, M vs. F8, and M vs. PP vs. F2). Peak drug concentrations (Tmax) were reached at 1.6 ± 0.2 h. The 536 

average terminal half-life (t1/2) was 11.1 ± 3.2 h, consistent with previous studies (38). 537 

Table 3 Summary of pharmacokinetic parameters after oral administration of CP-532,623 in a series of lipid 538 

based formulations to beagle dogs (data normalised to 1.5 mg dose per kg dog weight) [mean ± SEM n = 4, 539 

except F10 n = 3)]. 540 

 F2 F3 F6 F8 

AUC0-t (ng.h/mL) 1513 ± 389 1535 ± 554 1440 ± 498 1072 ± 772 

AUC0-∞ (ng.h/mL) 1684 ± 457 1638 ± 592 1549 ± 577  1136 ± 756 

Cmax (ng/mL) 577 ± 159 543 ± 187 473 ± 148 367 ± 309 

Tmax (h) 1.6 ± 0.2 1.6 ± 0.5 1.8 ± 0.3 1.6 ± 0.2 

Elimination t1/2 (h) 15.9 ± 3.3 11.4 ± 2.6 12.5 ± 3.7 9.9 ± 4.2 

 541 

 F10 PP M Miglyol 812 N 

AUC0-t (ng.h/mL) 828 ± 549 1753 ± 866 1464 ± 485 1047 ± 648 

AUC0-∞ (ng.h/mL) 1140 ± 314 1892 ± 835 1572 ± 476 1092 ± 663 

Cmax (ng/mL) 319 ± 224 537 ± 222 467 ± 212 326 ± 204 

Tmax (h) 1.5 ± 0.4 1.4 ± 0.5  1.5 ± 0 2.0 ± 0.7 

Elimination t1/2 (h) 6.6 ± 5.2 14.3 ± 7.9 11.1 ± 5.1  7.3 ± 4.7 

 542 
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Relative bioavailability of torcetrapib after oral administration of LBDDS 543 

Consistent with CP-532,623, the differences in in vivo exposure (AUC) of torcetrapib were less than 2 fold 544 

when administered in formulations F2, 3, 6, 8, 10, and M, despite the differences in dose and drug loading of 545 

the formulations compared to CP-532,623. The exception to this was the formulation containing torcetrapib in 546 

Miglyol 812 N where exposure was considerably lower (4 to 7 fold lower). Similar to CP-532,623 the highest 547 

exposure was evident after administration of F2. Peak drug concentrations (Tmax) occurred at 1.3 ± 0.3 h for all 548 

formulations (F2, 3, 6, 8, 10, and M) except Miglyol 812 N where absorption was slower (Tmax = 3.7 h). 549 

In vitro-in vivo correlation 550 

After administration of all the lipid based formulations, very significant (33-57 fold) advantages over a simple 551 

suspension formulation were apparent (AUC0-∞ of 33 ± 33 ng.h/mL for CP-532,623 after administration to the 552 

same beagle cohort at a dose of 30 mg in a simple capsule fill containing avicel/explotab, see supplementary 553 

information (Figure S1)). A trend towards slightly better performance from the Cremophor RH40 containing 554 

formulations versus the vitamin E TPGS formulations, polysorbate 80 formulations, and surfactant free 555 

formulation (Miglyol 812 N) was also evident (Figure 7A). In general, however, differences in in vivo exposure 556 

across the study formulations were moderate (<2 fold) and lower than the differences observed in in vitro 557 

solubilisation post digestion (~10 fold).  Some correlation between drug concentration in the aqueous phase at 558 

the end of the digestion period and in vivo exposure could be seen, and similar profiles were obtained for 559 

torcetrapib (Figure 7B). In both cases, in vivo exposure was highest after administration of formulations that 560 

showed the most effective solubilisation on in vitro digestion. However the relationship between in vitro 561 

solubilisation and in vivo exposure was markedly non-linear (and relatively flat at higher 562 

concentrations/exposures) and reasonable exposure was possible with almost all solubilised formulations (i.e. 563 

in comparison to a suspension). 564 

Comparison of the drug concentrations remaining in a solubilised state upon in vitro digestion of the range of 565 

LBDDS revealed similar relative performance for CP-532,623 and torcetrapib, consistent with the similarity 566 

in physicochemical properties for the two drugs (supplementary Figure S5A). These trends were replicated in 567 

the in vivo exposure data, although, as described above, the spread of data was more moderate (supplementary 568 

Figure S5B).  569 



26 

 

 570 

Figure 7 In vitro-in vivo correlation is plotted as the area under plasma concentration time curve (AUC) [mean 571 

± SEM (n = 4 CP-532,623 (except F10, n = 3) and n = 5-6 torcetrapib)] after oral administration to beagle dogs 572 

(doses of 30 mg and 90 mg, respectively, for CP-532,623 and torcetrapib) vs. the concentration of drug 573 

solubilised in the aqueous phase [mean ± SD (n = 3)] after in vitro digestion. Aqueous phase concentrations 574 

of formulations with residual oil phase present after in vitro digestion are shown in grey since incomplete 575 

digestion and the presence of the oil phase sink likely complicate relative comparison.  576 

Discussion 577 

The widespread adoption of LBDDS as a means of enhancing the oral bioavailability of PWSD has been 578 

hindered by a lack of published studies describing the relationship between in vivo exposure and in vitro 579 

measurements analogous to that of a traditional dissolution test. This is complicated by the realisation that 580 

LBDDS present drug to the GI tract in a molecularly dispersed, solubilised form and as such essentially 581 

circumvent traditional dissolution. Instead, formulations are dispersed and drug exists in equilibrium between 582 

the solubilised reservoir and the free concentration. Drug absorption is thought to occur largely via the free 583 

concentration, although some studies have suggested the possibility of direct absorption from the solubilised 584 

species (41). Formulation performance is therefore thought to depend on the generation of a solubilised 585 

reservoir that resists drug precipitation as the formulation is processed in the GI tract by digestive enzymes 586 

and biliary secretions (2, 12, 30). 587 
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The potential importance of the impact of digestive enzymes on the solubilisation capacity of lipid based 588 

formulations has led to the increasingly frequent use of in vitro lipolysis testing protocols to examine 589 

formulation performance. There are a small number of studies in the literature where good correlation between 590 

the ability of LBDDS to maintain drug in a solubilised state during an in vitro lipolysis test and in vivo exposure 591 

are evident (13-15, 42). However, this is not always the case (43-45) and the majority of these studies have 592 

been conducted with a limited number of model drugs. There is therefore a need to expand the available 593 

database with studies employing a range of drugs and drug candidates. In the current studies a series of LBDDS 594 

for two CETP inhibitors, torcetrapib and CP-532,623 have been examined and the data obtained employed to 595 

relate exposure in pre-clinical bioavailability studies in beagle dogs to behaviour during in vitro lipolysis 596 

testing. For CP-532,623, more detailed studies were undertaken to explore the impact of individual 597 

components within the LBDDS on overall formulation performance. 598 

Influence of individual excipients on formulation dispersion and drug solubilisation properties 599 

The drug solubilisation capacity of LBDDS may be significantly altered by interaction of the formulation with 600 

the GI fluids. Simple dilution/dispersion of LBDDS can induce drug precipitation and further reductions in 601 

solubilisation capacity are possible on digestion of lipidic formulation components (13). A limited number of 602 

studies have investigated the in vitro digestion of drug free excipients (21, 46, 47), however, the relationship 603 

between the solubilisation capacity of a formulation and the properties of individual excipients is not well 604 

described. In an attempt to explain (and ultimately predict) formulation behaviour based on the behaviour of 605 

individual excipients, in the current studies, CP-532,623 was dissolved in individual excipients and these 606 

materials subjected to dispersion and digestion testing. 607 

Non polar glyceride lipids were not well dispersed in aqueous solution and had little ability to promote drug 608 

solubilisation in the AP on dispersion. In light of these properties, lipids are commonly combined with 609 

surfactants and cosolvents to enhance dispersion of LBDDS. The addition of surfactants and cosolvents has 610 

the additional benefit of (usually) increasing drug loading (10). A combination of high and low HLB 611 

surfactants is often employed to promote the miscibility of both lipophilic and hydrophilic excipients (26). In 612 

isolation, the high HLB non-ionic surfactants (Cremophor RH40, polysorbate 80, vitamin E TPGS) formed 613 

stable micellar solutions that were resistant to coalescence upon ultracentrifugation (no oil phase) although 614 

drug solubilisation capacity varied across the different surfactants and solubilisation capacity decreased from 615 
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Cremophor RH40>polysorbate 80~vitamin E TPGS). In contrast, the low HLB surfactants (Labrafil and 616 

Capmul) prevented drug precipitation, but poor dispersion properties and high affinity of CP-532,623 for the 617 

non-dispersed surfactant phase limited transfer into the AP. In all cases, the cosolvents (triacetin, propylene 618 

carbonate) were unable to support drug solubilisation on dispersion. This is consistent with previous studies 619 

that report limited additional solubilisation power for formulations containing ethanol after formulation 620 

dispersion and dilution (14). 621 

In contrast to the individual excipients, and as is typical of type III LBDDS (48), the series of formulations 622 

under investigation here rapidly emulsified upon introduction to aqueous media and drug precipitation on 623 

dispersion was limited. The ability of the different cosurfactant systems to promote self-emulsification was 624 

dependent on the proportion of hydrophilic surfactant present. Typically, higher quantities of Cremophor 625 

RH40 or polysorbate 80, in combination with Capmul MCM (e.g. F1, F2, PP, F7) provided very effective 626 

emulsification, although at lower surfactant concentrations emulsification was incomplete (F4, F5, F8, M). 627 

Formulations containing Labrafil M 2125 CS as a cosurfactant (F3, F10) were turbid (forming opaque, milky 628 

white emulsions) suggesting that Labrafil M 2125 CS was not as efficient a cosurfactant as Capmul MCM. 629 

The unstable emulsion obtained by the addition of Labrafil may be due to a mismatch in lipid chain length (49) 630 

between Labrafil and Miglyol leading to less efficient solubilisation. 631 

Cosolvents were used in relatively high concentration in most formulations to increase drug solubility in the 632 

formulation (and therefore unit dose), and to improve the dispersion properties of the formulations. Cosolvents 633 

were also included where large proportions of surfactant were present and where formulations were likely to 634 

form gels on contact with water. Under these circumstances the cosolvents enhanced water penetration into 635 

the formulation and prevented gel formation (10). Although cosolvent content was high in some formulations 636 

(up to 40% w/w in formulations containing vitamin E TPGS), all formulations (with the exception of 637 

formulation J) were resistant to drug precipitation on dispersion. 638 

Impact of excipient and formulation digestion on drug solubilisation 639 

Previous studies conducted to assess the viability of LBDDS as a formulation strategy for the oral delivery of 640 

torcetrapib (26) concentrated on the reduction of food effects and maximising physical stability and drug 641 

loading (dose) in the formulation. In these previous studies simple in vitro tests were employed to assess 642 
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dispersibility and particles size, however little correlation was evident between these parameters and in vivo 643 

exposure. 644 

The current studies sought to expand these previous studies and to explore the potential utility of in vitro 645 

digestion testing as an improved indicator of formulation utility. The process of lipid digestion and the changes 646 

in the solubilising environment in the gastrointestinal tract during lipid digestion have been well reviewed (27, 647 

30, 34). In general, lipid digestion increases the polarity of lipids and lipid-conjugated surfactants, and in many 648 

cases reduces drug solubilisation in dispersed lipid emulsions (13, 14, 50, 51). These general trends were 649 

evident in the current study and initiation of digestion had a significant effect on drug solubilisation. Thus, a 650 

large proportion of incorporated CP-523,623 (63 to 96% w/w) precipitated out of solution after formulation 651 

digestion and this was true for all formulations (with the exception of formulations F3 and F10 where 652 

precipitation was reduced by drug sequestration in the OP). Drug precipitation occurred despite effective drug 653 

solubilisation on dispersion. 654 

Post digestion aqueous phase drug concentrations ranged from 18.5 ± 2.6 to 199.0 ± 9.5 ng/mL (F3 and F2 655 

respectively) with formulations containing larger proportions of Cremophor RH40 generally outperforming 656 

those containing vitamin E TPGS or polysorbate 80 (Figure 5). Increasing proportions of Cremophor RH40 657 

(formulations M, PP, and F2 containing 20, 40, and 50% w/w Cremophor RH40 respectively) also resulted in 658 

greater drug solubilisation. 659 

An indication of the influence of individual excipients on overall formulation performance can be extracted by 660 

comparison of the drug solubilisation patterns obtained after digestion of the formulations and digestion of 661 

drug loaded excipients alone. In general, drug solubilisation was well supported by Cremophor RH40 after in 662 

vitro digestion (57% w/w CP-532,623 in the AP) followed by polysorbate 80 and vitamin E TPGS (Figure 2) 663 

and this was reflected in formulations containing higher surfactant concentrations. In contrast, the cosolvents 664 

had a negligible effect on drug solubilisation post dispersion/digestion. Similarly, the contribution of Miglyol 665 

812 N to drug solubilisation was also limited. Medium chain lipids are efficiently digested to form medium 666 

chain monoglyceride and fatty acids and the current data suggest that these provide little added benefit to drug 667 

solubilisation beyond that of a cosolvent (16). Reformulation to include long chain lipids is expected to reduce 668 

drug loading capacity, but may enhance post digestion solubilisation and will be explored further in subsequent 669 

studies. 670 
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The presence of the cosurfactant Labrafil M 2125 CS resulted in the generation of a residual OP suggesting 671 

some resistance to digestion by porcine pancreatin extract (supplementary Figure S3). Similarly, an oil phase 672 

was evident after 30 min digestion of Miglyol 812 N consistent with incomplete digestion, although in this 673 

case digestion was likely limited by a lack of effective sink conditions for digestion product solubilisation. 674 

Previous studies suggest that at high lipid loads, digestion of medium chain lipids results in the generation of 675 

high concentrations of fatty acids and that this has the potential to change the structure of the colloids present 676 

in the digest aqueous phase (15, 52). In particular, at high concentrations of medium chain fatty acids, vesicular 677 

structures become more evident and increase drug solubilisation capacity significantly. In vivo, however, the 678 

products of lipid digestion are continuously removed from the gastrointestinal digestion milieu by absorption, 679 

limiting the local concentration of digestion products, reducing the likelihood of vesicle formation and 680 

therefore decreasing solubilisation capacity (53). Digestion of larger quantities of medium chain triglyceride 681 

in vitro may therefore over estimate drug solubilisation when compared to in vivo conditions, thereby 682 

complicating in vitro-in vivo correlation (15). 683 

The dispersion and digestion properties of torcetrapib loaded formulations reflected those of CP-532,623. 684 

Torcetrapib was resistant to precipitation on dispersion in aqueous media, however enzymatic digestion 685 

significantly reduced solubilisation capacity. As with CP-532,623, the primary factor in maintaining aqueous 686 

phase solubilisation of torcetrapib was the presence of larger proportions of Cremophor RH40 in the 687 

formulation. 688 

Relationship between in vitro drug solubilisation and bioavailability for CETP inhibitors 689 

A small number of studies have examined the potential for correlation between drug solubilisation patterns 690 

obtained after in vitro dispersion or digestion and in vivo exposure. However, to this point, these have been 691 

performed with only a narrow range of model drugs, largely danazol (14, 20), halofantrine (15, 19), 692 

progesterone (54), vitamin D3 (54), dexamethasone (55), griseofulvin (55), atovaquone (17), fenofibrate (43, 693 

44) and cinnarizine (42). The current studies sought to add to this developing data base and to compare in vitro 694 

and in vivo performance of medium chain-lipid based formulations of torcetrapib (CP-529,414) and CP-695 

532,623. The relationship between drug solubilisation after in vitro digestion and in vivo exposure was 696 

explored by plotting the concentration of drug solubilised in the aqueous phase of the in vitro digestion 697 

experiment, 30 mins after digestion initiation, against the plasma AUC. For both torcetrapib and CP-532,623 698 
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a general trend towards increasing in vivo exposure with increase in in vitro drug solubilisation was evident, 699 

and in both cases in vitro digestion testing was able to identify formulations that resulted in higher exposure. 700 

Indeed, direct comparison of the in vitro solubilisation properties of CP-532,623 and torcetrapib and their 701 

exposure after oral administration of the different formulations to beagle dogs (AUC) shows relatively good 702 

correlation for the data across the two compounds (supplementary Figure S5). The major outlier is that of 703 

Miglyol which appears to less effectively support torcetrapib in vitro solubilisation and bioavailability when 704 

compared to CP-532,623. 705 

For almost all formulations, a relatively narrow range of in vivo AUC was apparent, although for CP-532,623 706 

at least, this was very significantly in excess of that obtained for a simple powder formulation. It seems likely 707 

therefore that all of the lipid based formulations explored, significantly enhanced in vivo exposure and this 708 

may have limited the scope for more obvious in vitro–in vivo correlation. 709 

For CP-532-623, more detailed examination of the data in Figure 7A suggests deviations from the broad 710 

correlation for Miglyol 812 N and F10. Interestingly, along with F3, these formulations are those that have a 711 

residual oil phase after ultracentrifugation of the in vitro digestion samples. The presence of the oil phase in 712 

vitro complicates in vitro-in vivo correlation since the oil phase provides a sink to protect against drug 713 

precipitation. Removal of these data points therefore provides for improved correlation (supplementary Figure 714 

S2). Since most contemporary formulations are type III and type IV formulations as classified by the lipid 715 

formulation classification system (10, 48) and disperse readily to form micro or nanoemulsions the issue of 716 

residual oil phases on in vitro digestion is increasingly uncommon. Nonetheless, several approaches have been 717 

tried to overcome this problem, including continual titration of calcium to precipitate lipids from bile salt 718 

micelles (56-58) and alteration of the lipid to digestion media ratio, however to this point none provide a 719 

situation entirely reflective of in vivo absorption. 720 

Similar to CP-532,623, torcetrapib was seemingly well absorbed after administration of most formulations, 721 

(Figure 7B) again resulting in a non-linear relationship between exposure and drug solubilisation after in vitro 722 

digestion. An initially steep relationship was seen between in vitro aqueous phase drug solubilisation and in 723 

vivo exposure, suggesting that some degree of solubilisation was required to facilitate in vivo exposure, but 724 

that effective absorption was possible, even under conditions where the degree of drug solubilisation was low. 725 

Unlike CP-532,623, the bioavailability of torcetrapib was relatively low after administration of a simple 726 
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Miglyol 812 N solution, but beyond this very similar trends in exposure were evident with a cluster of 727 

formulations (F6, F8, M, F10) with moderate in vitro solubilisation and in vivo exposure and then an increase 728 

to formulation F2 where both in vitro solubilisation and in vivo exposure was higher (see also the direct 729 

comparison between CP-532,623 and torcetrapib in supplementary Figure S5). F2 contained the highest 730 

proportional content of Cremophor RH40, consistent with a significant role of Cremophor in drug 731 

solubilisation in vitro and in vivo. Interestingly, the cluster of formulations in the in vitro-in vivo profile of 732 

torcetrapib was not as evident in the in vitro-in vivo profile for CP-532,623, although it should be noted, that 733 

the dose of torcetrapib administered was higher (90 mg versus 30 mg CP-532,623) and the quantity of 734 

formulation also varied in order to achieve the same dose despite differing solubilities in these formulations.  735 

Thus drug concentrations in the formulations were 50 mg/g in F2 and Miglyol 812 N, 80 mg/g in F3 and 100 736 

mg/g in the other formulations and the volumes dosed in vivo and used in vitro were varied accordingly. As 737 

such direct correlation of formulation effects between the two drugs is difficult. Nonetheless similarities are 738 

evident, notably, lower in vitro solubilisation and in vivo exposure from F8 (where cosolvent concentrations 739 

were relatively high and surfactant levels relatively low) and Miglyol (i.e. surfactant free) and somewhat higher 740 

in vitro solubilisation and in vivo exposure with F2 and PP (for CP-532,623), formulations that contained the 741 

highest quantities of Cremophor RH40. 742 

The primary focus in the current study, however, was to explore under differing conditions, whether in vitro 743 

digestion testing was able to identify the most effective formulations. In general, this appears to be the case, 744 

although the apparent lack of sensitivity of the in vivo absorption profile to the relatively large differences in 745 

in vitro solubilisation properties suggests that further understanding of the solubilisation and absorption 746 

behaviour of CP-532,623 and CP-529,414 is required. In particular, observation of extensive drug precipitation 747 

after in vitro digestion suggests further scope for enhanced drug solubilisation, however the in vivo data 748 

indicate that this may not necessarily benefit in vivo exposure. Recent data suggests that in cases where drugs 749 

precipitate from LBDDS in the amorphous form during formulation digestion that redissolution is enhanced. 750 

This may explain the surprisingly robust exposure seen here from formulations where drug precipitation is 751 

significant in vitro (59, 60). Modified formulations using long chain lipids are also likely to provide for a 752 

greater range of in vitro drug solubilisation data and may assist in distinguishing between formulations. This 753 

will be explored in more detail in subsequent studies. It is also possible that the greater lipophilicity of 754 
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torcetrapib and CP-532,623, when compared to drugs such as danazol (where previous studies have shown 755 

good in vitro-in vivo correlation) may suggest that permeability is sufficiently high that only transient drug 756 

solubilisation is required to support drug absorption. Finally, the likelihood of linear correlations between in 757 

vitro solubilisation and in vivo exposure is likely to be attenuated under circumstances where first pass 758 

metabolism (rather than solubility) is the major limitation to exposure. To this point, the extent of first pass 759 

metabolism of torcetrapib and CP-532,623 has not been described, however the oral bioavailability of CP-760 

532,623 has been reported to be >40% after administration of a lipid based formulation (39) and as such first 761 

pass metabolism would not appear to be highly significant. 762 

Conclusions 763 

The oral bioavailability limitations associated with low water solubility continue to complicate drug 764 

development programs. Lipid based formulations provide one means of bioavailability enhancement, however 765 

in vitro methods to assess formulation design and performance are less well developed than the equivalent 766 

USP methods for disintegration and dissolution testing of traditional formulations. In vitro dispersion and 767 

digestion tests are increasingly being utilised to examine lipid based formulations although to this point 768 

relatively few studies have sought to correlate drug solubilisation patterns after in vitro digestion with in vivo 769 

exposure. In the current studies, an in vitro lipid digestion model has been used to evaluate the performance of 770 

a range of lipid based formulations of two CETP inhibitors (torcetrapib and CP-532,623) and to demonstrate 771 

the extent to which digestion of lipid based drug delivery systems can alter drug solubilisation and ultimately 772 

dictate in vivo exposure. 773 

After in vitro digestion of medium chain lipid-based formulations of CP-532,623, drug solubilisation patterns 774 

were most significantly dictated by the content of surfactant in the formulation and the addition of either 775 

cosolvent or medium chain lipids had little ongoing benefit to drug solubilisation. Of the surfactant examined 776 

drug solubilisation was enhanced most effectively by Cremophor RH40> vitamin E TPGS> polysorbate 80. 777 

Comparison of the degree of drug solubilisation after in vitro LBDDS digestion with in vivo exposure for both 778 

torcetrapib and CP-532-623 revealed broad correlation of the two parameters and in general formulations that 779 

promoted in vitro solubilisation resulted in higher in vivo exposure. Conversely, formulations with the least 780 

effective in vitro solubilisation profiles generally resulted in lower exposure. However, in all cases drug 781 
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absorption was significantly enhanced by administration in LBDDS, and good exposure was evident even after 782 

administration of formulations where in vitro digestion led to significant precipitation. This is in contrast to 783 

previous studies with, for example, danazol, where drug precipitation on in vitro digestion led to significant 784 

decreases in in vivo exposure (16), but similar to recent studies with fenofibrate where limited in vitro-in vivo 785 

correlation was evident (43). The CETP inhibitors examined here are significantly more lipophilic than danazol 786 

and the increases in in vivo exposure, in spite of significant in vitro precipitation may reflect enhanced 787 

permeability. For some highly lipophilic drugs, therefore, the data reported here suggest that drug solubilisation 788 

after in vitro digestion may be a relatively conservative indicator of in vivo performance. 789 
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Supplementary Information 795 

 796 

Figure S1 Mean plasma concentration vs. time profiles for CP-532,623 after administration of LBDDS to fasted 797 

beagle dogs [mean ± SEM (n = 4)]. Profiles are truncated to 10 h for clarity. Powder formulation (panel I) 798 

contained 30 mg CP-532,623 in a combination of avicel and explotab (1:1 w/w) and was administered to beagle 799 

dogs in a single hard gelatin capsule. 800 
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 801 

Figure S2 In vitro-in vivo correlation is plotted as the area under plasma concentration time curve (AUC) [mean 802 

± SEM (n = 4)] after oral administration to beagle dogs vs. the concentration of drug solubilised in the aqueous 803 

phase [mean ± SD (n = 3)] after in vitro digestion. Aqueous phase concentration of formulations with residual oil 804 

phase after in vitro digestion may over evaluate drug solubilisation due to incomplete digestion and/or lack of 805 

sink conditions and have been omitted from this figure. Omission of formulations with residual oil phase (above) 806 

improves data fit (R square 0.5714) compared with Figure 7A where all formulations are included (R square 807 

0.4464). 808 
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 809 

Figure S3 Titration profiles during in vitro digestion of lipid based formulations over 30 min. Addition 810 

of titrant (0.5 M NaOH) was controlled by pH-stat titration to maintain the system at pH 6.5. The mole 811 

of NaOH titrated is proportional to fatty acid liberated during in vitro digestion indicating the extent of 812 

digestion. Titration profiles are grouped by type of excipient i.e. lipid/cosurfactant (panel A: circle 813 

Miglyol, square Capmul MCM, triangle Labrafil M 2125), surfactant (Panel B: circle polysorbate 80, 814 

square Cremophor RH40, triangle vitamin E TPGS), and cosolvent (Panel C: circle triacetin, square 815 

propylene carbonate). Titrant addition was recorded every 5 seconds (line), for clarity symbols and error 816 

bars are only displayed at 5 min intervals [mean ± SD (n = 3)]. 817 
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 818 

Figure S4 Titration profiles during in vitro digestion of lipid based formulations over 30 min. Addition of titrant 819 

(0.5 M NaOH) was controlled by pH-stat titration to maintain the system at pH 6.5. The mole of NaOH titrated is 820 

proportional to fatty acid liberated during in vitro digestion indicating the extent of digestion. Titration profiles 821 

are grouped by surfactant present in formulation i.e. Polysorbate 80 (panel A: circle F1, square F5, triangle F8), 822 

Cremophor RH40 (Panel B: circle F2, square F4, triangle F7, inverted triangle PP, diamond M), and vitamin E 823 

TPGS (Panel C: circle F3, square F6, triangle F10, inverted triangle I, diamond J,). Titrant addition was recorded 824 

every 5 seconds (line), for clarity symbols and error bars are only displayed at 5 min intervals [mean ± SD (n = 825 

3)]. 826 
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 827 

Figure S5 Head to head comparison of torcetrapib and CP-532,623 in vitro solubilisation (panel A) and 828 

in vivo exposure (panel B). In vitro solubilisation is presented as aqueous phase concentration after in 829 

vitro digestion of LBDDS [mean ± SD (n = 3)]. In vivo exposure is presented as AUC after oral 830 

administration of LBDDS to beagle dogs [mean ± SEM (n = 4 CP-532,623 (except F10, n = 3) and n = 831 

5-6 torcetrapib)]. 832 

 833 
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