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ABSTRACT 1 

Lipid based formulations (LBF) are a promising formulation strategy for many poorly water 2 

soluble drugs and have been shown previously to enhance the oral exposure of CP-532,623, an 3 

oral cholesteryl ester transfer protein inhibitor. In the current study, an in vitro lipid digestion 4 

model was used to probe the relationship between drug solubilisation and supersaturation on in 5 

vitro dispersion and digestion of LBF containing long chain (LC) lipids and drug absorption in 6 

vivo. After in vitro digestion of LBF based on LC lipids, the proportion of CP-532,623 maintained 7 

in the solubilised state in the aqueous phase of the digest was highest in formulations containing 8 

Kolliphor RH 40, and in most cases outperformed equivalent formulations based on MC lipids. 9 

Subsequent administration of the LC-LBFs to beagle dogs resulted in reasonable correlation 10 

between concentrations of CP-532,623 measured in the aqueous phase of the in vitro digest after 11 

30 min digestion and in vivo exposure (AUC); however  the LC-LBFs required greater in vitro 12 

drug solubilisation to elicit similar in vivo exposure when compared to previous studies with MC-13 

LBF. Although post digestion solubilisation was enhanced in LC-LBF compared to MC-LBF, 14 

equilibrium solubility studies of CP-532,623 in the aqueous phase isolated from blank lipid 15 

digestion experiments revealed that equilibrium solubility was also higher, and therefore 16 

supersaturation lower. A revised correlation based on supersaturation in the digest aqueous phase 17 

and drug absorption was therefore generated. A single, linear correlation was evident for both LC- 18 

and MC-LBF containing Kolliphor RH 40, but this did not extend to formulations based on other 19 

surfactants. The data suggest that solubilisation and supersaturation are significant drivers of drug 20 

absorption in vivo, and that across formulations with similar formulation composition good 21 

correlation is evident between in vitro and in vivo measures. However, across dissimilar 22 
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formulations, solubilisation and supersaturation alone are not sufficient to explain drug exposure 1 

and other factors also likely play a role. 2 
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INTRODUCTION 1 

The oral bioavailability of many poorly water soluble drugs (PWSD) is hindered by slow 2 

dissolution and low solubility in the aqueous environment of the gastrointestinal tract. Lipid based 3 

formulations (LBF) provide one means to enhance the absorption of PWSD by delivering the drug 4 

in solution in the formulation (thus bypassing traditional drug dissolution) and maintaining drug 5 

in a solubilised state on formulation dispersion and digestion.1-3 6 

LBF differ from most traditional oral drug delivery systems in that the excipients in the 7 

formulation are markedly altered by the gastrointestinal (GI) environment, and in particular by 8 

enzymatic digestion. Lipids, whether from dietary or formulation sources, are hydrolysed by 9 

gastric and pancreatic lipases to release more amphiphilic lipid digestion products that are more 10 

readily solubilised by biliary lipids secreted in bile. Micellar association subsequently promotes 11 

lipid solubilisation and supports lipid absorption.4, 5 PWSD that are coadministered with lipids 12 

may also be solubilised by the bile salt-lipid (mixed micellar) complexes that are formed on lipid 13 

digestion. This enhances apparent drug solubility in the GI tract, and commonly leads to increases 14 

in drug absorption and bioavailability, a process that has been exploited commercially.6 15 

Hydrophilic surfactants and cosolvents are often added to LBF to increase drug loading in the 16 

formulation and to improve formulation dispersion (i.e. self-emulsifying properties).5, 7 However, 17 

aqueous dispersion of LBF containing high quantities of water miscible excipients, typically 18 

results in drug precipitation as solubilising power is lost on dilution.8 Digestion of the lipids in 19 

LBF is also commonly a stimulus for a reduction in solubilising power as the polarity of lipid 20 

digestion products is increased and their ability to swell the mixed colloidal species formed in the 21 

GI tract is reduced.9 Collectively therefore LBF dispersion and digestion typically leads to varying 22 

degrees of drug precipitation and in many cases this has been shown to correlate with reductions 23 
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in drug absorption.10 The relationship between drug precipitation on digestion and drug exposure 1 

in vivo has led to the increasingly frequent use of in vitro lipid digestion models to differentiate 2 

formulation performance.11 3 

More recently, however, it has become apparent that drug precipitation on in vitro dispersion 4 

and digestion may not necessarily be detrimental to drug absorption in vivo.12-14 Instead, the 5 

emerging paradigm suggests that formulation dispersion and digestion results in a loss of 6 

solubilisation capacity and the generation of a transiently supersaturated state, and that there is a 7 

dynamic interplay between the likelihood that supersaturation drives either absorption or 8 

precipitation.15-17 These processes are dependent on formulation composition and may also be 9 

impacted by the state of precipitated drug i.e. crystalline or unstructured amorphous drug, the latter 10 

being generally more amenable to re-dissolution.18, 19 11 

Attempts at in vitro in vivo correlation between aqueous phase (AP) solubilisation after in vitro 12 

dispersion or digestion and in vivo AUC after oral administration therefore vary in the strength of 13 

correlation.2, 20 In previous studies with CP-532,623, a cholesteryl ester transfer protein inhibitor 14 

(Figure 1), a series of medium chain lipid-based LBF improved the bioavailability of CP-532,623 15 

when compared to a crystalline powder formulation, however, the difference in in vivo absorption 16 

between the LBFs was only moderate when compared to differences in in vitro solubilisation, 17 

resulting in a non-linear correlation.21 18 

In the current studies, in an attempt to better define the relationship between solubilisation, 19 

supersaturation and absorption, the in vitro solubilisation range of CP-532,623 has been widened 20 

by the inclusion of a series of LBF similar to those previously examined, but where long chain 21 

(LC) lipids were substituted for medium chain (MC) lipids. Digestion of LBF containing long 22 

chain lipids typically results in more robust in vitro solubilisation properties when compared to the 23 
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medium chain equivalent.22, 23 In this way we hoped to provide further evidence (or otherwise) of 1 

the putative relationship between drug exposure and in vitro solubilisation on lipid digestion. To 2 

verify the absolute extent of drug exposure, the absolute bioavailability was measured via the 3 

inclusion of an intravenous administration leg to the study. Finally, to explore the likely upper 4 

limits of drug exposure, CP-532,623 was administered with higher quantities of formulation to 5 

fasted beagles and also to fed animals. The data suggest that drug solubilisation and supersaturation 6 

are indicators of drug absorption, especially for formulation series comprising similar excipients. 7 
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Figure 1. Chemical structure of CP-532,623. 9 

MATERIALS 10 

CP-532,623 and CP-524,515 (internal standard) were supplied by Pfizer Inc. Pharmaceutical 11 

Sciences (Groton, CT). CP-532,623 (Catalog # PZ0225), and CP-524,515 (Catalog # PZ0226), are 12 

now commercially available as reference standards from Sigma Aldrich. Formulation excipients 13 

were obtained from the following suppliers: Soybean oil (Sigma-Aldrich Co., St Louis, MO); 14 

Maisine 35-1 (Gattefossé, Saint Priest, France); Miglyol 812 N (SASOL North America, Houston, 15 

TX); Capmul MCM (Abitec Corporation, Janesville, WI); Labrafil M 2125 CS (Gattefossé, Saint 16 

Priest, France); TPGS; α-tocopheryl-polyethylene glycol 1000 succinate (Eastman Chemical 17 

Company, Kingsport, TN); polysorbate 80 (Spectrum Laboratory Products, Gardena, CA); 18 
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KolliphorTM RH 40 (previously available under the trade name Cremophor RH40, a gift from 1 

BASF, Ludwigshafen, Germany); Triacetin (Sigma Chemical Co., St Louis, MO); Propylene 2 

carbonate (Huntsman Corp., The Woodlands, TX); 10% Intralipid® (Fresenius Kabi AB, 3 

Sweden); N,N dimethylacetamide (Sigma-Aldrich Co., St Louis, MO). Soft gelatin capsules (a gift 4 

from Cardinal Health, Dublin, OH) were used as supplied. 5 

Lipolysis media contained: Lipoid E PC S (Phosphatidyl choline from egg lecithin) (Lipoid 6 

GmbH, Ludwigshafen, Germany); Sodium taurodeoxycholate (NaTDC) ≥ 95% (Sigma-Aldrich 7 

Co., St. Louis, MO); Trizma maleate (Sigma-Aldrich Co., St. Louis, MO); Calcium chloride 8 

dihydride (BDH, Victoria, Australia); Sodium hydroxide (Merck, Darmstadt, Germany); Sodium 9 

chloride (Chem Supply, South Australia, Australia); Porcine pancreatin 8 x USP specifications 10 

(Sigma-Aldrich Co., St. Louis, MO). Lipolysis was inhibited by 4-bromophenylboronic acid 11 

(Sigma-Aldrich Co., St. Louis, MO). 12 

Water was obtained from a milli-Q (Millipore, Bedford, MA) water purification system. All 13 

solvents used were of HPLC analytical grade and degassed by filtration immediately before use. 14 

METHODS 15 

In vitro evaluation. 16 

Preparation of drug loaded lipid based formulations. 17 

The series of formulations employed in this study were adapted from previous studies with CP-18 

532,623 and torcetrapib,21, 24 but in this case the medium chain lipids (Miglyol 812 and capmul 19 

MCM) previously included have been replaced with equivalent long chain lipids (soybean oil and 20 

Maisine 35-1 respectively). Each formulation (Table 1) was loaded at 50 mg/g CP-532,623. Poor 21 

miscibility of some of the modified formulations precluded further use in this study. Formulations 22 

comprised a combination of long chain triglyceride (soybean oil), surfactant (Kolliphor RH 40, 23 
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polysorbate 80 or TPGS), cosurfactant (Maisine 35-1 or Labrafil M 2125), and cosolvent (triacetin 1 

or propylene carbonate). Semi solid excipients (Maisine 35-1, TPGS, Kolliphor RH 40) were 2 

heated to 60°C and mixed thoroughly prior to formulation preparation. All excipients and drug 3 

were weighed directly into glass vials, heated to 37°C for 1 h to promote wetting of the drug prior 4 

to being vortexed regularly (initially every 2-3 h). The formulations were incubated at 37°C over 5 

48 h to allow equilibration to be attained. Any undissolved drug was removed by centrifugation 6 

(20 min, 37°C, 2,205g, Eppendorf 5804 R refrigerated centrifuge equipped with an A-4-44 rotor, 7 

Eppendorf AG, Hamburg, Germany) and the supernatant transferred to a new vial before use. The 8 

concentration of drug in the formulation was assessed by HPLC before use. 9 

Table 1. Composition (% w/w) of formulations. 10 

Formulation 

Lipid 

(Soybean 

oil) 

Cosolvent 
High HLB 

surfactant 

Low HLB 

surfactant 

F1LC 20 15 (Triacetin) 50 (polysorbate 80) 15 (Maisine) 

F2LC* 20 10 (Triacetin) 50 (RH40) 20 (Maisine) 

F3LC 20 20 (Prop Carb) 20 (TPGS) 40 (Labrafil) 

F4LC* - 28 (Triacetin) 30 (RH40) 42 (Maisine) 

F5LC 20 20 (Prop Carb) 20 (polysorbate 80) 40 (Maisine) 

F6LC 20 20 (Prop Carb) 20 (TPGS) 40 (Maisine) 

F7LC^ 20 30 (Triacetin) 35 (RH40) 15 (Maisine) 

F8LC 20 30 (Triacetin) 20 (polysorbate 80) 30 (Maisine) 

F10LC 10 40 (Triacetin) 20 (TPGS) 30 (Labrafil) 

ILC^ 20 30 (Prop Carb) 20 (TPGS) 30 (Maisine) 



 10 

JLC^ 20 40 (Prop Carb) 40 (TPGS) - 

MLC 20 30 (Triacetin) 20 (RH40) 30 (Maisine) 

PPLC* 15 15 (Triacetin) 40 (RH40) 30 (Maisine) 

Prop Carb: propylene carbonate; RH40: Kolliphor RH 40; TPGS: α-tocopheryl-polyethylene 1 

glycol 1000 succinate; Maisine: Maisine 35-1; Labrafil: Labrafil M 2125 CS. (*) Formulations 2 

were assessed in vivo. (^) Formulations were immiscible and excluded from further study. 3 

 4 

In vitro dispersion and digestion studies. 5 

In vitro evaluation of the LBF described in Table 1 was performed using an in vitro lipid 6 

digestion model as described previously.21 Drug maintained in a solubilised state after dispersion 7 

and digestion was measured in the aqueous phase (AP) obtained after separation of residual oil 8 

phase (OP) and precipitated drug and insoluble material (pellet, P) by centrifugation. 9 

Briefly, drug loaded formulations (120 mg LBF containing 6 mg CP-532,623) were dispersed 10 

in 9 g digestion buffer (50 mM tris maleate, 5 mM CaCl2.2H2O, 150 mM NaCl, and 50 mM NaOH) 11 

containing 1.25 mM phospholipid (egg lecithin containing phosphatidylcholine derived from egg 12 

yolk) and 5 mM bile salt (sodium taurodeoxycholate) representative of fasted state intestinal 13 

conditions. The system was adjusted to pH 6.5 and maintained at 37°C. 14 

The dispersion and digestion procedures were performed separately to enable measurement of 15 

drug precipitation triggered by each event. Dispersion and digestion procedures were initiated by 16 

addition of 1 mL milli-Q and pancreatin extract solution respectively. Pancreatin extract contained 17 

~10,000 TBU of pancreatic lipase (equivalent to ~1,000 TBU/mL digest) and was prepared by the 18 

addition of 1 g pancreatin powder to 4 mL milli-Q water followed by stirring for 10 min prior to 19 

centrifugation (20°C, 15 min, 2,205g) to isolate the extract (supernatant). Both dispersion and 20 

digestion procedures continued for 30 min during which time stoichiometric titration of the 21 

liberated fatty acids (0.5M NaOH) maintained the mixture at pH 6.5. 22 
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At the end of the dispersion or digestion period a 4.2 mL sample was taken and lipolysis inhibited 1 

by addition of 42 µL 3 mM 4-bromophenylboronic acid (in methanol). Ultracentrifugation 2 

(336,238g, 30 min, 37°C, Optima XL-100K ultracentrifuge, SW60 rotor, Beckman, Palo Alto, 3 

CA) was subsequently used to separate the sample into undigested oil, aqueous and pellet phases. 4 

To quantify the proportion of drug in each phase, the oil phase (OP) was firstly aspirated from the 5 

top of the (polyallomer) centrifuge tube and added to a 5 mL volumetric flask containing 50 µL 1 6 

M HCl and made to volume with chloroform/methanol (2:1 v/v). Secondly, the aqueous phase 7 

(AP) was collected by piercing the side of the tube with a needle and withdrawing the aqueous 8 

phase to avoid contamination by residual oil phase or the pellet phase. The pellet (P) was finally 9 

transferred to a 5 mL volumetric flask and treated in the same way as the oil phase sample. All 10 

phases were diluted at least 1:10 (v/v) with acetonitrile and assayed for CP-532,623 as described 11 

below. 12 

Solubility of CP-532,623 in isolated aqueous phase. 13 

The solubility of CP-532,623 in isolated AP was measured for both the medium chain 14 

formulations examined previously and the long chain formulations examined in detail here. The 15 

in vitro digestion model was used to digest each drug free formulation and the AP collected as 16 

described above. Excess drug was added to the blank collected aqueous phase and the mixture 17 

vortexed regularly and maintained at 37°C. The drug/AP mixture was centrifuged at regular 18 

intervals and a sample of the supernatant collected, diluted in acetonitrile and assayed for drug 19 

content by HPLC. Samples were collected at short intervals (0.5, 1, 2, 4, and 6 h) initially to reflect 20 

the relevant time period of drug absorption. Later time points (24, 48, 72, and 168 h) were also 21 

collected to examine the change in solubility over time. 22 

Calculation of supersaturation ratio. 23 
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The supersaturation ratio (SR) provides a measure of the degree of supersaturation of drug in the 1 

AP during formulation digestion. SR was determined as the AP concentration measured after in 2 

vitro digestion of a drug loaded LBF divided by the equilibrium solubility of drug in the AP 3 

(Equation 1). Smax is the theoretical maximum supersaturation ratio and is calculated using the 4 

initial concentration of drug in the dispersion/digestion system (i.e. the total amount of drug loaded 5 

in the formulation divided by the volume of the dispersion media) divided by the equilibrium 6 

solubility of drug in the AP. The equilibrium AP concentration was obtained after 24 h dissolution 7 

of excess drug in AP isolated after 30 min in vitro digestion of drug free formulation. 8 

Equation 1.  9 

𝑆𝑅 =
𝐴𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛

𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝐴𝑃 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦
 10 

Polarised light microscopy (PLM). 11 

Digestion pellets containing precipitated CP-532,623 were analysed using a Zeiss Axiolab 12 

microscope (Carl Zeiss, Oberkochen, Germany) equipped with crossed polarizing filters. After in 13 

vitro digestion a portion of the pellet was carefully transferred to a microscope slide immediately 14 

after ultracentrifugation. Images were recorded using a Canon PowerShot A70 digital camera 15 

(Canon, Tokyo, Japan). A control sample was prepared by in vitro digestion of a drug free 16 

formulation which was then spiked with crystalline CP-532,623 (equivalent to the amount that 17 

precipitated in the drug loaded formulation) prior to ultracentrifugation. 18 

X-ray powder diffraction (XRPD). 19 

A representative formulation (PPMC) was selected to verify the absence of crystalline CP-20 

532,623 in the pellets obtained after in vitro digestion and to verify the observations by PLM. 21 

Digestion pellets were allowed to dry at 37°C to reduce background signal due to moisture prior 22 

to loading onto a poly(methylmethacrylate) back loading sample holder. The solid state of CP-23 
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532,623 was assessed by comparison with a control sample of crystalline CP-532,623. XRPD was 1 

performed using a Bruker D8 Advance powder diffractometer (Bruker, Sydney, Australia) 2 

equipped with a copper (Cu) tube anode and Kα radiation source (λ = 1.542 Å). The samples were 3 

scanned between 5° and 40° (2θ), with a step size of 0.02° and a scanning speed of 2 s/step. The 4 

applied voltage and current were 45 kV and 40 mA respectively. The data were analysed using 5 

DIFFRACPLUS software (Bruker). 6 

Quantification of CP-532,623 in in vitro experiments by HPLC. 7 

Quantification of CP-532,623 in each of the separated phases (AP/OP/P) after formulation 8 

dispersion or digestion was performed using a previously developed and validated assay.21, 25 9 

Pre-clinical bioavailability studies in beagle dogs. 10 

All animal studies were approved and proceeded in accordance with The Code of Ethics of the 11 

World Medical Association (Declaration of Helsinki) for experiments involving humans 12 

http://www.wma.net/e/policy/b3.htm; EC Directive 86/609/EEC for animal experiments 13 

http://europa.eu.int/scadplus/leg/en/s23000.htm; and were approved by the local Institutional 14 

Animal Experimentation Ethics Committee. Two separate crossover studies were conducted in 15 

four fasted male beagle dogs (12-22 kg). In the first study, each animal received three different 16 

LC-LBF, whereas the second study included a total of four treatments (one intravenous and three 17 

oral treatments) as detailed below (composition of formulations marked with an asterisk in Table 18 

1) with a minimum washout period of 7 days between doses. 19 

In vivo evaluation of CP-532,623 after oral administration of LC-LBF. 20 

Based on the in vitro digestion studies, three lipid based formulations were selected and assessed 21 

in vivo to examine the relationship between aqueous phase drug solubilisation after in vitro 22 
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digestion and in vivo exposure and to identify the formulation characteristics/components that 1 

support drug solubilisation and absorption. 2 

The LBF employed were selected on the basis of high aqueous phase solubilisation after in vitro 3 

digestion to maximise in vivo drug solubilisation and the potential for enhanced bioavailability. 4 

Formulations F4LC, PPLC and F2LC were chosen and comprised varying proportions of soybean 5 

oil, Maisine, Kolliphor RH 40 and triacetin, the major differences being increasing Kolliphor RH 6 

40 concentrations (30, 40, and 50% w/w Kolliphor RH 40 respectively in F4LC, PPLC and F2LC). 7 

Each treatment consisted of 30 mg CP-532,623 (50 mg/g) dissolved in 600mg LBF and filled into 8 

a single soft gelatin capsule. The capsule was administered orally with 50 mL water. 9 

For the fasted studies, dogs were fasted for at least 12 h prior to dosing and remained fasted until 10 

10 h after dosing. Water was available ad libitum. In fed studies, dogs were fed 400g of ‘My Dog’ 11 

canned dog food up to one hour before commencement of studies with water provided ad libitum. 12 

Nutritional composition; crude protein 7.0%, crude fat 5.0%. The primary source of lipids in the 13 

food administered were LCT from animal fat and vegetable oil.   14 

The concentration of drug in the plasma was monitored over time. Blood samples (3 mL) were 15 

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 16 

indwelling cannula positioned in the cephalic vein and at 24 h by individual venipuncture. Blood 17 

samples were taken into tubes containing 20 U/mL heparin. Plasma was separated within 2 h of 18 

sample collection by centrifugation (1,328g, 10 min) in an Eppendorf 5702 R/A-4-38 centrifuge, 19 

(Eppendorf AG, Hamburg, Germany) and stored at -80°C until sample analysis. Plasma samples 20 

were prepared for analysis by liquid-liquid extraction and CP-532,623 quantified using a validated 21 

LCMS method.21 22 

In vivo evaluation of absolute bioavailability and maximum drug exposure. 23 
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To verify the extent of drug exposure and to explore the upper limits of CP-532,623 1 

bioavailability, a second in vivo study was conducted with the addition of an intravenously 2 

administered formulation to enable calculation of the absolute bioavailability of the oral 3 

formulations. 4 

The oral treatments included a repeat administration of PPLC (30 mg CP-532,623 in 600 mg 5 

formulation) to fasted dogs (this also allowed a cross study control to evaluate reproducibility), 6 

administration of the same treatment to fed dogs, and a third treatment comprising the same dose 7 

but in a higher quantity of the PPLC formulation (30 mg CP-532,623 in 2000 mg formulation). 8 

The IV formulation was administered by infusion (1 mL/min over 5 min) via an indwelling 9 

cannula placed in the cephalic vein, in the opposite leg used for blood sampling. A total dose of 3 10 

mg CP-532,623 was administered in 5 mL Intralipid. Due to the rapid clearance of intravenously 11 

administered treatments, plasma sample time points were more frequent in the first 2 h after dosing 12 

and concluded at 8 h post dosing. Blood samples (3 mL) were collected as follows: prior to dosing, 13 

immediately after infusion of the IV formulation, and every 10 min for the first hour, then every 14 

15 min for the next hour, then at 2, 2.5, 3, 3.5, 4, 6, and 8 h. 15 

Oral capsule preparation. 16 

Air filled soft gelatin capsules (a kind gift from Catalent Pharma Solutions, Braeside, Australia) 17 

were filled with formulation using a syringe and needle (21G) no more than 24 h prior to dosing. 18 

The physical stability of filled capsules was tested by comparing the time taken for the capsule to 19 

rupture in simulated gastric media immediately after filling and again after 24 h. Capsule rupture 20 

was assessed using a USP paddle dissolution apparatus containing 200 mL of 0.1 M HCl at 37°C 21 

and 60 rpm. The time taken to rupture was approximately 7-10 min and was not affected by storage 22 

for 24 h. 23 
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Intravenous formulation preparation. 1 

The poor aqueous solubility of CP-532,623 dictated the use of an Intralipid-based intravenous 2 

formulation to facilitate CP-532,623 solubilisation. This approach was attractive as it had been 3 

used successfully in a previous study.25 The IV formulation was prepared by incremental addition 4 

(5 µL increments to a total of 160 µL) of a 37.5 mg/mL solution of CP-532,623 in N,N 5 

dimethylacetamide:triacetin (3:5 v/v) to 10 mL 10% Intralipid. The formulation was ultrasonicated 6 

between additions (Misonix XL 2020 ultrasonic processor (Misonix, Farmingdale, NY) equipped 7 

with a 3.2 mm microprobe which was pulsed (2 min on/20 s off) at an amplitude of 240 µm and a 8 

frequency of 20 kHz). The Intralipid emulsion was cooled in an ice bath during preparation. A 9 

final dose of 3 mg CP-532,623 was administered in 5 mL Intralipid. IV formulations were sterile 10 

filtered through a 0.2 µm syringe filter immediately prior to infusion (1 mL/min over 5 min). An 11 

aliquot of the filtered formulation was collected to verify dose by HPLC.  12 

Analytical Methods. 13 

Plasma concentrations of CP-532,623 after oral administration of the LBF and the intravenous 14 

formulation were determined using previously described analytical methods.21 15 

Pharmacokinetic data analysis. 16 

Peak plasma concentrations (Cmax) and the time of occurrence (Tmax) were noted directly from 17 

the plasma concentration vs. time profiles. First order terminal elimination rate constants (k) were 18 

determined from the gradient of the terminal log-linear phase of individual plasma drug 19 

concentration vs. time profiles and the elimination half-life (t1/2) subsequently calculated as 20 

0.693/k. The area under the plasma concentration vs. time profiles from time zero to the last 21 

measured concentration (AUC0-24 h) was calculated using the linear trapezoidal method. The area 22 

under the plasma concentration vs. time profiles from time zero to infinity (AUC0-∞) was calculated 23 
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by adding the area obtained by extrapolation from the last plasma sample (Clast) to infinite time 1 

(Clast/k) to AUC0-24 h. Absolute bioavailability (F) of CP-532,623 was calculated by comparison of 2 

dose-normalised AUC values following oral and intravenous administration (Equation 2), where 3 

DPO and DIV are the oral and intravenous doses administered, and AUCPO and AUCIV represent the 4 

AUC0-∞ in plasma following oral and intravenous dosing respectively. 5 

Equation 2. 6 

𝐹𝑇𝑜𝑡𝑎𝑙 = (𝐴𝑈𝐶𝑃𝑂/𝐷𝑃𝑂)/(𝐴𝑈𝐶𝐼𝑉/𝐷𝐼𝑉) ∙ 100% 7 

Relative bioavailability was assessed for statistically significant differences by ANOVA 8 

followed by a post hoc Tukey test for multiple comparisons at a significance level of α = 0.05. All 9 

statistical analysis was performed using IBM SPSS Statistics for windows version 20.0.0 (SPSS 10 

Inc., Chicago IL). 11 

RESULTS 12 

In vitro evaluation. 13 

Solubilisation of CP-532,623 after in vitro dispersion and digestion of LC-LBF. 14 

The formulations under investigation were Type III formulations according to the lipid 15 

formulation classification system7 and comprised a combination of long chain lipid (soybean oil), 16 

high HLB (hydrophobic lipophilic balance) surfactant (polysorbate 80, Kolliphor RH 40, or 17 

TPGS), low HLB surfactant (Maisine 35-1, or Labrafil M 2125), and cosolvent (triacetin, or 18 

propylene carbonate). The composition of the LBFs was based on the MC-LBF investigated 19 

previously21, 24 and was modified by replacement of medium chain lipids (Miglyol N 812, Capmul 20 

MCM) with long chain lipids (soybean oil, Maisine 35-1) in an attempt to enhance solubilisation 21 

of CP-532,623 in the more lipophilic solubilised micellar environment created by digestion of LC 22 

lipids. The formulations examined were restricted to those mixtures that were isotropic at 37°C. 23 
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Long chain lipid versions of formulations F7, I, and J were not isotropic and were excluded from 1 

further study. 2 

The solubilisation of CP-532,623 after in vitro dispersion and digestion of the different LC-LBFs 3 

is summarised in Figure 2 (as % drug distribution across the aqueous (AP), oil (OP) and pellet (P) 4 

phases obtained post-centrifugation of the dispersion/digestion media) and Figure 3 (as AP 5 

concentration). The AP concentrations after in vitro digestion of MC and the equivalent LC 6 

formulations are compared in Figure 4. To aid interpretation, the profiles after in vitro dispersion 7 

and digestion have been grouped by the high HLB surfactant present since this excipient group 8 

has the greatest influence on formulation dispersion and drug solubilisation.21 Formulations 9 

containing polysorbate 80, Kolliphor RH 40, and TPGS are shown in panels A, B, and C 10 

respectively. 11 

The in vitro dispersion characteristics of the LC-LBFs were largely dictated by the type and 12 

quantity of surfactant present. Formulations containing 20% w/w polysorbate 80 (F5LC, F8LC) 13 

were poorly dispersed with 90 and 82% drug sequestered in a phase separated OP. Increasing the 14 

surfactant content to 50% in formulation F1LC improved dispersion and increasing quantities of 15 

drug were recovered in the AP. Formulations containing Kolliphor RH 40 were well dispersed 16 

with 100% drug solubilised in the AP after dispersion and ultracentrifugation of formulations 17 

F2LC and PPLC (50 and 40% Kolliphor RH 40 respectively). Increasing the proportion of 18 

cosolvent at the expense of surfactant in formulations F4LC and MLC (30 and 20% Kolliphor RH 19 

40 respectively), however, resulted in drug precipitation (10 and 17 % respectively) on dispersion. 20 

TPGS formulations F6LC, F3LC, and F10LC were poorly dispersed with 59 to 90% drug 21 

sequestered in the oil phase post dispersion. For formulations F3 and F10 this may have reflected 22 

the presence of Labrafil21 in the formulations as these two formulations were the only two to 23 
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contain Labrafil in place of Maisine (cosurfactant). In general, TPGS/lipid mixtures required high 1 

cosolvent levels to promote dispersion (i.e. to reduce the OP) however miscibility was 2 

compromised in these formulations and therefore they were not investigated further. 3 

Stimulation of in vitro digestion typically resulted in a decrease in solubilised drug 4 

concentrations (Figure 3), however, LBF containing long chain lipids and Kolliphor RH 40 5 

retained solubilisation capacity reasonably effectively resulting in the most robust AP drug 6 

concentrations (Figure 3, panel B). In almost all cases, drug concentrations in the AP were higher 7 

after digestion of the LC formulations when compared to the medium chain equivalent (Figure 4). 8 

In contrast, F1LC (containing 50% polysorbate 80) was particularly susceptible to drug 9 

precipitation (84% CP-532,623 precipitated) despite being fully solubilised during dispersion, 10 

suggesting that polysorbate 80 was more susceptible to digestion mediated drug precipitation when 11 

compared to Kolliphor RH 40 containing formulations. 12 

The most poorly dispersed formulations (e.g. those containing TPGS: F6LC, F3LC, F10LC; or 13 

polysorbate 80: F5LC, F8LC), where drug was isolated in the oil phase after ultracentrifugation, 14 

remained resistant to drug precipitation during digestion. However, the affinity of CP-532,623 for 15 

the poorly dispersed oily phase prevented significant improvements in AP solubilisation. 16 

In summary, replacing MC lipids with LC lipids enhanced post digestion drug solubilisation and 17 

formulations containing Kolliphor RH 40 were more effective at maintaining drug in a solubilised 18 

state in the aqueous phase compared to those containing polysorbate 80 or TPGS. 19 
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Figure 2. Drug distribution profiles after in vitro dispersion (left column for each formulation) and 2 

digestion (right column) of lipid based formulations. Individual bars – white, blue, and dark grey 3 

represent the proportion of drug distributed to the pellet, aqueous and oil phases respectively after 4 

in vitro dispersion and digestion [mean ± SD (n=3)]. Each formulation contained 50 mg/g CP-5 

532,623. (*) Formulations were subsequently assessed in vivo. Formulations are grouped by the 6 

surfactant present: Panel A – polysorbate 80; B – Kolliphor RH 40 (in order of decreasing 7 

Kolliphor content); C –TPGS. 8 
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Figure 3. Aqueous phase drug solubilisation profiles after in vitro dispersion (grey bars, left) and 10 

digestion (blue bars, right) of lipid based formulations. (*) Formulations were subsequently 11 

assessed in vivo. Formulations are grouped by surfactant present: Panel A – polysorbate 80; B – 12 
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Kolliphor RH 40 (in order of decreasing Kolliphor content); C –TPGS. Each formulation (120 mg) 1 

contained 50 mg/g CP-532,623 and was digested at pH 6.5 for 30 min [mean ± SD (n = 3)]. 2 
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Figure 4. Comparison of aqueous phase drug solubilisation after in vitro digestion of formulations 4 

based on medium (yellow bars, left) and long chain lipids (blue bars, right). MC formulations are 5 

analogous to the LC formulations in Table 1, but where the medium chain lipids Miglyol and 6 

Capmul MCM are present in place of the long chain lipids soybean oil and Maisine 35-1. 7 

Formulations are grouped by surfactant present: Panel A – polysorbate 80; B – Kolliphor RH 40 8 

(in order of decreasing Kolliphor content); C –TPGS. Each formulation (120 mg) contained 50 9 

mg/g CP-532,623 and was digested at pH 6.5 for 30 min [mean ± SD (n = 3)]. MC-LBF digestion 10 

data reprinted from previous study.21 11 

Characterisation of precipitated CP-532,623 post digestion. 12 

The pellet phases collected after in vitro digestion of all formulations were observed under 13 

polarised light microscopy to check for the presence of crystalline drug. In all cases crystalline 14 

drug was not evident by microscopy. PPMC was selected for further study (Figure 5) since it had 15 

the largest amount of precipitated drug in vitro and yet was relatively well absorbed in vivo.21 The 16 

pellet collected after in vitro digestion of drug loaded formulation was compared to pellet spiked 17 

with an equivalent mass of crystalline CP-532,623 and the pellet from a blank digest of the same 18 
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formulation. CP-532,623 was evident as large needle shaped crystals in the spiked pellet (panel A) 1 

and there was no comparable structure observed in the pellet collect from digested drug free 2 

formulation (panel C). Upon digestion of drug loaded formulation (panel B) no crystalline material 3 

was observed by polarised light microscopy, despite the recovery of 17.5 mg CP-532,623 in the 4 

pellet after digestion of 480 mg formulation in 40 mL digestion media, as determined by HPLC. 5 

The absence of crystalline drug in the precipitated material obtained post digestion was further 6 

examined by x-ray powder diffraction (Figure 6). In this instance, there was evidence of some 7 

crystalline material (second diffractogram in Figure 6) however the crystalline peaks in the XRPD 8 

signal obtained from analysis of the pellet from the digestion experiment was significantly lower 9 

than a spiked pellet of matched drug mass, indicating that the material was present in both 10 

amorphous and crystalline forms, but that the amorphous form was dominant. The apparent 11 

disparity between the polarized light microscopy (no evidence of crystalline drug) and XRPD data 12 

(some evidence of crystalline drug) may be explained by the lag time for XRPD analysis which 13 

may have resulted in drug crystallisation during dry down and storage prior to XRPD. In contrast 14 

polarised light microscopy was performed immediately at the end of the digestion experiment. 15 

 16 

Figure 5. Polarised light microscope images of pellets collected after in vitro digestion of a 17 

representative formulation (PPMC). Panel A shows the pellet after digestion of a drug free 18 

formulation spiked with crystalline CP-532,623 prior to ultracentrifugation. Panel B shows the 19 

pellet after digestion of a typical drug loaded formulation (50 mg/g CP-532,623). Panel C is the 20 
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pellet obtained after digestion of drug free formulation. Panels A and B contain an equivalent 1 

amount of CP-532,623 as determined by HPLC. 2 
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Figure 6. X-ray powder diffractograms of pellets obtained after in vitro digestion of PPMC 4 

formulation. Top to bottom: A. Drug free pellet; B. Digest of drug loaded formulation (50 mg/g 5 

CP-532,623); C. Pellet spiked with equivalent quantity of crystalline CP-532,623 to that in the 6 

pellet in B; D. Crystalline CP-532,623. 7 

Equilibrium solubility of CP-532,623 in digested aqueous phase. 8 

The solubilisation capacity of dispersed LBF that contains glyceride lipids (i.e. type I, II, IIIa 9 

and IIIb formulations) is typically reduced during digestion, commonly leading to drug 10 

precipitation.26-31 The concentration of drug maintained in a solubilised state, however, may be 11 

maintained at a level above the equilibrium AP solubility for a finite period (i.e. supersaturated). 12 

Supersaturation is the inevitable precursor to precipitation, but may also drive increases in drug 13 

absorption in vivo. To evaluate the degree of supersaturation of drug in the AP obtained post 14 
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digestion of the LBF examined in this study, and to compare to the previously examined MC lipid 1 

containing formulations, drug solubility in the colloidal phases obtained post digestion of both MC 2 

and LC LBF was also measured. 3 

Drug solubility over time was measured in pre-digested AP (obtained after 30 min digestion of 4 

the MC and LC formulations included in the vivo studies). The solubility vs. time profiles are 5 

presented in Figure 7. Note that the time axis here shows the variation in measured drug 6 

concentrations as a function of time during the solubility experiment and is not related to the time 7 

scale of the digestion experiment. Drug solubility was measured in the AP obtained at a single 8 

time point after digestion (30 min). In all cases (Figure 7), an equilibrium solubility was difficult 9 

to define due to the dynamic nature of the colloidal AP obtained post digestion. Thus the 10 

‘equilibrium’ solubility study dictated sampling to longer time points in order to evaluate if the 11 

solubilisation capacity of the colloids fluctuated less with time. However, the relative instability 12 

of the colloidal species formed, especially on digestion of long chain lipids, suggests that at longer 13 

time periods the nature of the colloids in the AP was likely very different to that present during the 14 

original digestion study. Coupled to this, the absorptive events in the GI lumen are unlikely to 15 

extend to the 168 h sampling time in these solubility studies. Data obtained at intermediate time 16 

points most likely provides the most representative indication of drug solubility in the colloids 17 

produced 30 min post lipid digestion. Solubility data were only generated at a single digestion time 18 

point (30 min) since previous studies have shown that drug solubility in type III formulations drops 19 

usually within the first 30 min post digestion initiation.15 20 

In the current studies, the solubility profile of CP-532,623 in the AP obtained from digested LC 21 

formulations was variable, however, the kinetic changes observed were common to the three LC 22 

formulations examined. Thus, solubilisation was initially quite rapid reaching peak solubility in 23 
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the first 24-48 hours. Beyond this point, however, the drug concentration declined, most likely due 1 

to instability of the more hydrophobic LC lipids in the AP colloids9. In contrast, the dissolution 2 

profile for CP-532,623 in the AP obtained after digestion of the medium chain formulations was 3 

lower, more regular and remained stable beyond 24 h. The notable exception to this was the data 4 

for formulation F2MC where drug solubility continued to increase over time. An explanation for 5 

this anomalous behaviour is not clear at this time. In all cases, the apparent solubility of CP-6 

532,623 in digested LC formulations was greater than in digested MC formulations. 7 
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Figure 7. Solubility of CP-532,623 in aqueous phase samples taken 30 min after digestion of blank 9 

formulations. Panel A shows solubility as a function of dissolution time in digested LC 10 

formulations: F2LC (blue circle), F4LC (green square), and PPLC (red triangle). Panel B shows 11 

the solubility in digested MC formulations: F2 (blue circle), F3 (yellow square), F6 (green 12 

triangle), F8 (orange inverted triangle), F10 (purple diamond), M (orange circle), PP (red triangle), 13 

and Miglyol (purple square). AP was collected after in vitro digestion of 120 mg drug free 14 

formulations at pH 6.5 for 30 min. [mean ± SD (n = 3)]. 15 

Supersaturation of CP-532,623 in the aqueous phase obtained after in vitro digestion of MC- 16 

and LC-LBF. 17 
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Supersaturation of the intestinal milieu during formulation digestion can provide either a driving 1 

force for drug absorption or precipitation.15, 32 The supersaturation ratio (SR) describes the kinetic 2 

or transient solubility in the aqueous phase during digestion compared to the intrinsic (equilibrium) 3 

aqueous phase solubility. A solution is supersaturated at SR values >1 and has higher 4 

thermodynamic activity and may therefore promote drug absorption. Alternatively, however, high 5 

SR values may also increase the tendency to precipitate. 6 

Digestion of lipid based formulations containing CP-532,623 resulted in supersaturation in all 7 

cases, although the degree of supersaturation was very low for F4LC (Table 2). Consistent with 8 

previous studies, where the initial or maximum supersaturation (Smax) ratio was high, precipitation 9 

was more likely.11, 17 After 30 min of digestion, however, the degree of supersaturation was lower 10 

and differed less across the formulations examined. 11 

Table 2. Supersaturation ratio (SR) values obtained after in vitro digestion of LC- and MC-LBFs 12 

included in the in vivo bioavailability studies. Aqueous phase concentrations were measured after 13 

30 min in vitro digestion of LBF and compared to equilibrium drug solubility to provide SR(30 min). 14 

Smax was calculated from the ratio of the theoretical maximum AP concentration and the 15 

equilibrium AP solubility. The equilibrium solubility was measured after 24 h dissolution of excess 16 

CP-532,623 in the AP obtained after in vitro digestion of drug free LBF. 17 

Formulation 
Theoretical max 

AP conc. 

AP conc. after  

in vitro digestion 

Equilibrium AP 

solubility  
Smax SR(30 min) 

F2LC 0.6 0.36 0.17 3.6 2.1 

F4LC 0.6 0.19 0.15 4.0 1.3 

PPLC 0.6 0.51 0.17 3.6 3.0 

F2MC 0.6 0.20 0.06 10.1 3.4 
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F3MC 0.6 0.09 0.03 18.1 2.8 

F6MC 0.6 0.07 0.01 54.3 6.4 

F8MC 0.6 0.03 0.01 60.0 2.8 

F10MC 0.6 0.06 0.02 35.7 3.6 

MMC 0.6 0.06 0.02 26.8 2.9 

PPMC 0.6 0.14 0.04 16.2 3.7 

Miglyol 0.6 0.09 0.04 17.0 2.5 

 1 

In vivo evaluation. 2 

Relative bioavailability of CP-532,623 after oral administration of LC-LBF. 3 

LC-LBF that displayed enhanced AP solubilisation after in vitro digestion were selected for in 4 

vivo assessment to expand the range of data previously collected for analogous MC formulations. 5 

PPLC, F2LC, and F4LC (Table 1) were selected due to high AP solubilisation and the absence of 6 

a residual OP post digestion. 7 

The study was conducted as a four way cross over in beagle dogs. Summary pharmacokinetic 8 

parameters are provided in Table 3 and the mean plasma profiles are presented in Figure 8. The 9 

plasma concentration vs. time profiles are normalised to a nominal dose of 1.5 mg/kg CP-532,623. 10 

Despite the increase in AP solubilisation observed after in vitro digestion of PPLC, F2LC, and 11 

F4LC, the plasma exposure of CP-532,623 was within the range of AUCs obtained after 12 

administration of the equivalent MC formulations. The presence of LC lipids in the modified 13 

formulations had no significant impact on the rate of CP-532,623 absorption or elimination, with 14 

Tmax (1.8 ± 0.8) and the average terminal half-life (t1/2) (11.7 ± 4.4 h) being consistent with previous 15 
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studies.21, 25 F4LC showed a trend towards slightly lower exposure, lower Cmax and a slightly flatter 1 

plasma level time profile, however these differences were not statistically significant. 2 

 3 

Table 3. Summary pharmacokinetic parameters of CP-532,623 after oral administration in LC-4 

LBFs to fasted beagle dogs (data normalised to 1.5 mg dose per kg dog weight) [mean ± SD (n = 5 

4)]. 6 

 F2LC F4LC PPLC 

AUC0-t (ng.h.mL-1) 1328 ± 420 1103 ± 131 1435 ± 103 

AUC0-∞ (ng.h.mL-1) 1422 ± 440 1176 ± 133 1524 ± 116 

Cmax (ng/mL) 414 ± 117 438 ± 55 518 ± 72 

Tmax (h) 2.2 ± 1.2 1.4 ± 0.2 1.8 ± 0.3 

Elimination t1/2 (h) 11.2 ± 5.1 12.9 ± 5.6 11.0 ± 3.2 

BA 86 ± 27 71 ± 8 92 ± 7 

Bioavailability was calculated using the data in the IV leg of the study reported in Table 4.  PPLC was 

administered in both studies providing a means of cross study control. The AUCs for PPLC were not 

statistically different across the two studies (1311 ± 538 versus 1435 ± 103 ng.h.mL-1). 

 7 
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Figure 8. Mean plasma concentration vs. time profiles for CP-532,623 after oral administration of 1 

LC-LBF to fasted beagle dogs [mean ± SEM (n = 4)]. Formulation administered are F2LC (blue 2 

circle), F4LC (green square), and PPLC (red triangle). Profiles of oral lipid based formulations are 3 

truncated to 10 h for clarity. 4 

Absolute bioavailability of CP-532,623 administered in PPLC LBF and the impact of the 5 

quantity of lipid/formulation administered. 6 

A second study was conducted to assess the absolute bioavailability of the best performing LC 7 

formulation (PPLC) and also to probe the effect of the quantity of coadministered formulation/lipid 8 

on drug exposure. Figure 9 shows the plasma versus time profiles for three oral formulations as 9 

well as the plasma versus time profile for an IV formulation. The summary pharmacokinetic 10 

parameters are provided in Table 4. Administration of the PPLC formulation to fasted beagle dogs 11 

resulted in an AUC of 1340 ± 542 ng.h/mL. This was not statistically significantly different to that 12 

obtained in the first study, i.e Table 3 (1435 ± 103 ng.h/mL). Administration of the same 13 

formulation to fed dogs increased the exposure of CP-532,623 by ~40% to an AUC of 2002 ± 407 14 

ng.h/mL. A third treatment was also administered and included the 30 mg dose of CP-532,623 but 15 

in a larger quantity (2000 mg vs. 600 mg) of the PPLC formulation. Increasing the mass of 16 

formulation three-fold had no statistically significant effect on in vivo drug exposure. 17 

Comparison of the AUCs of CP-532,623 obtained after oral administration with that obtained 18 

after intravenous administration suggests that absolute bioavailability was essentially complete 19 

after fed administration and slightly lower and similar for both the 600 mg and 2000 mg quantities 20 

of formulation containing 30 mg CP-532,623 in the fasted state (81 and 86% respectively, relative 21 

to the IV data obtained in the first study). The comparable in vivo exposure obtained for CP-22 

532,623 after administration of the PPLC formulation in study one and study two provided some 23 
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confidence in cross study comparison, i.e. applying the data obtained after IV administration in 1 

this study to the oral exposure data obtained in the first study. The data suggests that the 2 

bioavailability of CP-532,623 was 86, 71, and 92% after administration of F2LC, F4LC, and PPLC 3 

respectively. 4 

 5 

Table 4. Summary pharmacokinetic parameters after oral administration of CP-532,623 in lipid 6 

based formulations and intravenous administration of a Intralipid® solution, to fed and fasted 7 

beagle dogs (data normalised to 0.15 and 1.5 mg dose per kg dog weight for IV and oral doses 8 

respectively) [mean ± SD (n = 4)]. 9 

 

5 mL 

Intralipid, 

3 mg           

CP-532,623 

(Fasted) 

600 mg PPLC, 

30 mg         

CP-532,623  

(Fed) 

600 mg PPLC, 

30 mg           

CP-532,623  

(Fasted) 

2000 mg PPLC, 

30 mg           

CP-532,623 

 (Fasted) 

AUC0-t (ng.h.mL-1) 160 ± 20 1967 ± 401 1311 ± 538 1364 ± 429 

AUC0-∞ (ng.h.mL-1) 166 ± 19 2002 ± 407 1340 ± 542 1412 ± 427 

Cmax (ng/mL) 624 ± 197 1021 ± 74 470 ± 163 572 ± 138 

Tmax (h) 0.0 ± 0.0 1.2 ± 0.4 1.6 ± 0.5 1.5 ± 0.4 

Elimination t1/2 (h) 1.0 ± 0.1 6.8 ± 3.7 6.0 ± 3.6 10.1 ± 4.0 

Cl (mL.kg-1h-1) 934 ± 211    

VD (mL/kg) 1390 ± 338    

BA  122 ± 25 81 ± 33 86 ± 26 
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Figure 9. Mean plasma concentration vs. time profiles for CP-532,623 after administration of lipid 2 

based formulations to either fed or fasted beagle dogs [mean ± SEM (n = 4)]. Formulation PPLC 3 

(600 mg PPLC containing 50 mg/g CP-532,623) was administered to fed (blue circle) and fasted 4 

(green square) beagle dogs. Formulation PPLC with the higher lipid dose (2000 mg PPLC 5 

containing 15 mg/g CP-532,623) was administered to fasted beagle dogs (red triangle). The dose 6 

of CP-532,623 was equal (30 mg CP-532,623) in all formulations however the volume of 7 

formulation was increased for the second PPLC treatment. Profiles are truncated to 10 h for clarity. 8 

The IV formulation contained 3 mg CP-532,623 solubilised in 5 mL Intralipid and was 9 

administered over 5 min into the cephalic vein. 10 

Correlations. 11 

A comparison between in vitro AP solubilisation and in vivo exposure is presented in Figure 10. 12 

Contrary to the marked increase in AP solubilisation of CP-532,623 after in vitro digestion of LC 13 

formulations compared to MC formulations, the AUC0-∞ values obtained after administration of 14 

the LC formulations (1176 ±133 to 1596 ± 323 ng.h/mL) fell within the range of the MC 15 

formulations (1092 ± 663 to 1892 ± 835 ng.h/mL). Interestingly, however, within a group both 16 

LC-LBF and MC-LBF seemed to show reasonable correlation between exposure and in vitro 17 
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solubilisation, although the LC systems required higher in vitro solubilisation to drive similar 1 

extents of in vivo exposure. 2 

AP solubilisation alone may not be the most appropriate indicator of in vivo formulation 3 

performance since drug absorption is thought to occur from the free drug concentration in 4 

equilibrium with the solubilised reservoir. Under these circumstances the most appropriate 5 

correlant is arguably the supersaturation ratio since this provides a relative indication of 6 

thermodynamic activity (and therefore free concentration). This data is presented in Figure 11. The 7 

symbol for each formulation in Figure 11 identifies the surfactant present in the formulation. The 8 

formulations containing Kolliphor RH 40 show a linear response (panel B) where AUC increases 9 

linearly with SR. With the exception of F3, all the MC formulations containing the other surfactants 10 

appeared to show a similar correlation, but were shifted such that higher degrees of supersaturation 11 

were required to drive exposure. 12 
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Figure 10. In vitro-in vivo correlation plotted as the area under plasma concentration-time curve 14 

(AUC) [mean ± SEM (n = 4)] after oral administration to beagle dogs (30 mg CP-532,623) vs. the 15 

concentration of drug solubilised in the aqueous phase after in vitro digestion [mean ± SEM (n = 16 
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3)]. Formulations based on medium chain and long chain lipids are shown as blue and red data 1 

points respectively. Aqueous phase concentrations for formulations with a residual oil phase after 2 

in vitro digestion are shown as triangles. Aqueous phase concentrations for formulations where no 3 

residual oil phase was apparent after in vitro digestion are shown as circles. Exposure obtained 4 

after fed administration of PPLC is shown as the dotted horizontal line.   5 
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Figure 11. In vitro-in vivo correlation plotted as the area under plasma concentration-time curve 7 

(AUC) [mean ± SEM (n = 4)] after oral administration to beagle dogs (30 mg CP-532,623) vs. the 8 

supersaturation ratio (SR) of CP-532,623 in aqueous phase after in vitro digestion [mean ± SEM 9 

(n = 3)]. The surfactant present in each formulation is identified by the data symbol: Kolliphor RH 10 

40 (blue circle); polysorbate 80 (orange square); TPGS (green triangle); or no surfactant (red 11 

diamond). (A) Poor correlation was evident when all formulations dosed were compared (R2 0.13). 12 

(B) Analysis of Kolliphor RH 40 formulations only showed a clear correlation between degree of 13 

supersaturation and in vivo exposure for formulations comprising similar excipients (R2 0.92). 14 

 15 
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DISCUSSION 1 

LBFs have been shown to enhance the oral bioavailability of the CETP inhibitor CP-532,623 as 2 

well as the related structural analogues CP-529,414 (Torcetrapib) and CP-524,515.21, 24, 25 Previous 3 

studies have shown that for a series of MC-LBF, some correlation is evident between CP-532,623 4 

solubilisation in the AP obtained after in vitro digestion and in vivo exposure after oral 5 

administration.21 However the impact of formulations containing LC lipids on the solubilisation 6 

and subsequent in vivo exposure of CP-532,623 was not evaluated. In the current studies, the 7 

relationship between in vitro solubilisation and oral bioavailability of CP-532,623 has therefore 8 

been explored further by generating a series of formulations based on LC lipids (rather than MC 9 

lipids) since previous studies have shown that LC lipid containing formulations typically generate 10 

more robust drug solubilisation on lipid digestion.22, 33 Further studies have extended these 11 

observations to evaluate the impact of coadministration of larger quantities of lipids either by 12 

administering larger quantities of formulation or by coadministering with food. 13 

Impact of lipid chain length on CP-532,623 solubilisation after in vitro dispersion and digestion 14 

of LBF. 15 

Drug loading and self-emulsification properties are typically more favourable for MC lipid 16 

containing formulations than the equivalent LC lipid systems. LC lipid-based formulations, 17 

however, commonly lead to enhanced drug solubilisation post digestion since LC fatty acid 18 

digestion products more effectively intercalate into endogenous bile salt micelles, thereby swelling 19 

the mixed micellar core.9 The benefit of micellar swelling, however, is drug specific. For example, 20 

formulation of danazol,23 halofantrine,33 cinnarizine, 34 cyclosporine,35 and vitamin D3,
36 with long 21 

chain lipids have been shown to be advantageous, whereas, incorporation of long chain lipids into 22 
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formulations of griseofulvin,37 penclomedine38 was unfavourable and in the case of seocalcitol39 1 

or dexamethasone37 made no significant difference. 2 

After in vitro digestion, the original series of MC based formulations developed for CP-532,623 3 

achieved AP solubilisation in the range ~0.02 to 0.2 mg/mL (F5MC and F2MC respectively). 4 

These values are well above the aqueous phase solubility of crystalline CP-532,623 (0.003 5 

mg/mL), however, a large proportion of the drug initially dissolved in the formulation 6 

precipitated21 suggesting that further formulation optimisation was possible. Substitution of the 7 

MC lipids in the formulations to generate LC formulations was undertaken to further improve post 8 

digestion AP solubilisation, however, this came at the expense of formulation miscibility. LC 9 

versions of formulations I and J were not isotropic, and the miscibility of formulations F3LC and 10 

MLC became unstable below 37°C. 11 

Nonetheless, the LC formulations that were possible, were effective, and prevented drug 12 

precipitation during dispersion for all formulations except F10MC (Figure 2, left bars). In vitro 13 

digestion of the LC formulations also achieved higher (F1LC, F2LC, F4LC, MLC, PPLC) or 14 

similar (F5LC, F8LC, F3LC, F6LC, F10LC) AP solubilisation when compared to the MC 15 

equivalents (Figure 4). Notably, formulations containing Kolliphor RH 40 maintained superior AP 16 

solubilisation for CP-532,623 in all cases. This trend is consistent with that seen previously for the 17 

MC formulations.21 18 

The AP concentrations achieved at the end of the in vitro digestion experiment were compared 19 

to the equilibrium solubility of drug in the AP obtained post digestion to provide an indication of 20 

the extent of supersaturation. Interestingly, the marked improvements in drug solubilisation 21 

achieved with the LC formulations were associated with relatively low levels of supersaturation 22 

(SR 1.3-3.0). In contrast, the MC formulations reached significantly higher SR(30 min) values of 2.5-23 
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6.4. The higher supersaturation ratios obtained with the MC formulations occurred in parallel with 1 

increases in precipitation, consistent with previous studies that suggest increased likelihood of 2 

precipitation when SR values increase above 3.17, 31 However, whilst precipitation was evident in 3 

vitro, increases in supersaturation and thermodynamic activity may also drive increases in 4 

absorption, and it remains possible that for highly permeable drugs, increased thermodynamic 5 

activity in vivo may promote absorption, reducing supersaturation and reducing the stimulus for 6 

precipitation15, 40. In this case in vitro studies may significantly over-estimate the likelihood of in 7 

vivo precipitation. It was also apparent that CP-532,623 precipitated from the MC-LBF in the 8 

amorphous form. Previous studies have suggested that precipitation in the amorphous form may 9 

result in increased re-dissolution and therefore higher bioavailability than might be expected based 10 

on the significant precipitation in vitro.19 11 

In vivo bioavailability of CP-532,623 LC-LBF. 12 

In spite of significantly greater in vitro drug solubilisation in the aqueous phase after dispersion 13 

and digestion of the LC-LBF formulation, in vivo exposure of CP-532,623 remained within the 14 

range seen previously for MC formulations.21 The lack of increase in in vivo exposure promoted 15 

further exploration of the absorption of CP-532,623, via the coadministration of increasing 16 

quantities of LBF, and coadministration with food, in an attempt to maximise possible lipid-17 

mediated increases in absorption. An evaluation of absolute bioavailability was also conducted to 18 

estimate whether the relatively small range of in vivo exposures obtained were similar and high, 19 

or similar and low. The data obtained showed that co-administration with higher quantities of lipid 20 

had little impact on oral bioavailability, but that coadministration with food was able to increase 21 

absorption by ~40%. The increase in exposure in the fed state is likely to reflect prolonged drug 22 

solubilisation conditions, but may also reflect increases in lymphatic transport of CP-532,623 (as 23 
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seen previously)25 resulting in a reduction in first pass metabolism. Absolute bioavailability was, 1 

in general, high, ranging from 71% for the least effective formulation up to being essentially 2 

complete after coadministration with food. Interestingly, after co-administration with food 3 

absolute bioavailability was greater than 100%. Similar trends have been observed previously for 4 

halofantrine,41 and were shown to reflect differences in systemic pharmacokinetics in the fed and 5 

fasted state. Thus, in the fed state where systemic lipid levels are high, the association of highly 6 

lipophilic drugs with plasma lipoproteins is increased, reducing clearance and volume of 7 

distribution. This may be particularly evident for drugs such as halofantrine and CP-532,623 where 8 

intestinal lymphatic transport plays a role in drug transport to the systemic circulation25, 41, 42 and 9 

where drug association with lipoproteins is inherently high. In summary, in all cases, LBF were 10 

able to significantly enhance the oral bioavailability of CP-532,623, and the relatively small 11 

differences in exposure obtained across the series, likely reflect, at least in part, the efficiency of 12 

absorption. 13 

Relationship between in vitro solubilisation and oral bioavailability. 14 

Traditionally, in vitro digestion models have been employed to predict the rank order 15 

performance of LBF, on the premise that the ability of different formulations to maintain drug in 16 

a solubilised reservoir after the challenges of formulation dispersion and digestion, provides an 17 

indication of the relative ability to promote drug absorption.10, 14 However, the interplay of lipid 18 

digestion, drug solubilisation and drug absorption is difficult to replicate in a simple model40, 43, 19 

and in some cases, correlations between solubilisation after in vitro digestion and drug absorption 20 

have been less easy to identify.2, 20, 44 Nonetheless, digestion remains a critical aspect of 21 

formulation processing in vivo and the current studies aimed to shed further light on the complex 22 

relationship between drug solubilisation, supersaturation and absorption. Interestingly, in the 23 
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current studies good correlation was seen between solubilisation of CP-532,623 during in vitro 1 

lipid digestion of the LC-LBF and in vivo absorption (Figure 10) however this correlation did not 2 

overlap with previous data obtained for similar medium chain-lipid containing formulations. 3 

Instead, the correlation for the LC-LBF was shifted to higher in vitro solubilisation levels, 4 

suggesting that higher in vitro solubilisation was required for the LC-LBFs to generate the same 5 

degree of exposure as the MC formulations. Nevertheless, within a class (i.e. LC-LBF or MC-6 

LBF), reasonable correlation between in vitro and in vivo endpoints was evident. 7 

To better understand the drivers of drug absorption in vivo, the in vitro solubilisation data was 8 

also analysed to give an indication of supersaturation. The rationale behind this analysis was that 9 

the relative extent of supersaturation provides a surrogate indication of thermodynamic activity 10 

(and therefore drug concentration in free solution) and that for solubilised drug this might provide 11 

a better indication of absorption potential than simple solubilisation. 12 

Figure 11B shows a remarkable correlation (R2 0.92) between the degree of drug supersaturation 13 

after digestion and in vivo exposure for all the LBF where Kolliphor RH40 was used as the 14 

surfactant, regardless of whether the formulations contained MC or LC lipids. Thus the LC lipid 15 

formulations resulted in greater post-digestion solubilisation (Figure 10) however they also 16 

increased equilibrium solubility in the colloids produced during digestion. As such the degree of 17 

supersaturation was lower (Figure 11). Correction of the correlation for supersaturation therefore 18 

brings these values into line with the medium chain formulations. Interestingly the formulations 19 

that were not based on Kolliphor, also showed some evidence of a similar trend – although in this 20 

case the correlation was displaced in Figure 11 suggesting that for the non-Kolliphor containing 21 

formulations higher supersaturation was required to promote similar exposure. 22 
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The data therefore suggest that correlations between drug solubilisation, supersaturation and 1 

absorption are evident, but that these correlations are not a simple ‘one-size-fits-all’ relationship 2 

where the degree of solubilisation or supersaturation is able to entirely explain differences in 3 

absorption. Instead, good correlation is evident with formulation series containing varying 4 

proportions of the same or structurally similar components.2 Thus formulations containing medium 5 

chain lipids appear to provide a different solubilisation relationship to those containing long chain 6 

lipids, and those containing Kolliphor as surfactant appear to behave differently to those containing 7 

polysorbate or TPGS. In all cases, however, within a series, formulations that resulted in higher in 8 

vitro solubilisation and supersaturation appeared to perform better in vivo. 9 

An explanation for the apparent ‘shifts’ in formulation performance for different classes of 10 

formulation is not clear at this time – but at the same degree of solubilisation or supersaturation 11 

different colloidal species are seemingly more/less able to promote absorption. This argues against 12 

the suggestion that drug absorption is simply a function of the free concentration in equilibrium 13 

with a solubilised reservoir. Instead, these data indicate that the nature of the solubilised reservoir, 14 

with respect to both kinetic changes to the colloids and chemical composition, may also influence 15 

the free drug concentration.  16 

Previous studies have shown that for CP-532,623 drug absorption occurs, at least in part, via the 17 

intestinal lymphatics.25, 45 Lymphatic drug transport is more effectively stimulated by long chain 18 

rather than medium chain lipids45-47 and is typically maximally enhanced by food.25, 47 The increase 19 

in exposure of CP-532,623 on coadministration with food, might therefore reflect increased 20 

lymphatic transport. However, it remains unclear whether increases in lymphatic transport per se 21 

are able to increase drug absorption, since drug association with intestinal lipoproteins (the key 22 

step in redirecting drug into the lymph) occurs after drug absorption across the apical membrane 23 
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of enterocytes. Thus, lymphatic transport is only likely to promote absorptive flux if the transport 1 

sink provided by the lymph is able to increase the absorptive concentration gradient across the 2 

apical membrane. It is clear, however, that intestinal lymphatic transport is able to circumvent 3 

hepatic first pass metabolism and may reduce enterocyte based metabolism. As such increases in 4 

lymphatic transport may enhance the bioavailability of CP-532,623 by reducing first pass 5 

metabolism, in particular after food. Arguing against a significant role for lymphatic transport, 6 

however, and especially in altering drug exposure after fasted administration of the different 7 

formulations, is the fact that LC-LBF were, in general, no more effective at promoting drug 8 

exposure than MC-LBF. Indeed the data in Figure 10 suggest that LC lipids were less effective at 9 

promoting bioavailability, at the same levels of solubilisation, when compared to MC lipids – at 10 

least for CP-532,623. In contrast, LC lipids are typically more effective at promoting lymphatic 11 

transport.  12 

Long chain triglycerides are digested more slowly and have slower absorption rates than MCT.48 13 

Consequently, LC lipid formulations may supersaturate in vivo at a slower rate than MCT or drug 14 

absorption may occur more rapidly than lipid absorption, desaturating the dispersed LBF and 15 

reducing precipitation risk but also reducing thermodynamic drive for absorption.40 16 

Alternatively, the physical nature of the colloids formed post digestion may play a role in drug 17 

absorption and this may vary with different formulation components. For example, differences in 18 

the particle size of the colloids assembled from the products of digestion of LC lipid formulations 19 

versus MC lipid formulations might result in different rates of diffusion across the unstirred water 20 

layer and therefore differences in patterns of drug absorption. Unfortunately, accurate 21 

measurement of the particle size of the species present in the in vitro digest here was not possible 22 

since the systems were heterogeneous, and this suggestion therefore remains speculative. 23 
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Subsequent studies, however, might usefully attempt to better characterise the particle size of post-1 

digestion colloidal species and incorporate this information into the interpretation of in vitro 2 

solubilisation/absorption relationships. Similarly, intestinal p-glycoprotein and intestinal first pass 3 

metabolism, separately or in concert, may reduce the transfer of intact drug from the intestinal 4 

lumen through to the portal blood49-55 It is possible therefore that the differences seen here reflect 5 

differential inhibition of efflux or first pass metabolism due to the presence of different formulation 6 

components. However the role of P-gp or enterocyte based metabolism on the absorption and 7 

bioavailability of CP-532,623 is not known at this time. 8 

 9 

CONCLUSION 10 

Lipid based formulations are a promising formulation strategy to enhance the oral bioavailability 11 

of poorly water soluble drugs and have been shown previously to promote the absorption of the 12 

CETP inhibitor CP-532,623 after administration to beagle dogs. In the current studies, an in vitro 13 

digestion model has been used to further probe the relationship between simple in vitro indicators 14 

of utility (drug solubilisation and estimates of supersaturation) and bioavailability for a series of 15 

long chain LBF of CP-532,623. The data have also been compared to previous studies of analogous 16 

formulations containing MC lipids. The data confirm the utility of LBF for enhancing CP-532,623 17 

bioavailability and provide further evidence that within related formulation types, good correlation 18 

between in vitro indicators of solubilisation and, in particular, supersaturation, and drug exposure 19 

in vivo are possible. The data also suggest, however, that these are not the only drivers of drug 20 

absorption from LBF (at least for CP-532,623) and that across dissimilar formulation groups other 21 

factors may shift the relationship between absorption and physicochemical indicators of in vitro 22 

performance such as solubilisation or supersaturation. 23 
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