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Abstract 

The current studies sought to explore the impact of drug supersaturation and precipitation 

during the dispersion and digestion of lipid-based formulations (LBF), on in vivo absorption 

using a coupled in vitro digestion – in vivo perfusion absorption model. Fenofibrate absorption 

was evaluated from a number of LBFs with different solubilisation and supersaturation 

capacities, and conditions at the absorptive membrane manipulated by changing perfusion 

conditions, intestine segment lengths and by the conduct of experiments in the presence or 

absence of suspended/precipitated drug. LBF dispersion and digestion resulted in varying 

periods of supersaturation across the different formulations. Even fleeting (5-10 min) periods 

of supersaturation were able to drive flux across a perfused 10 cm intestinal segment for up to 

60 min, although over longer infusion periods (60-80 min) flux dropped in the absence of 

ongoing drug solubilisation and supersaturation. In contrast, the presence or absence of 

precipitated/suspended drug, had little impact on drug flux. When perfused intestinal segments 

lengths were extended, the role of initial supersaturation was attenuated and on-going 

solubilisation conditions became the primary driver of absorptive flux. The data suggest that 

for highly permeable drugs such as fenofibrate, a short period of supersaturation at the 
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absorptive membrane may be sufficient to drive absorptive drug flux in spite of significant drug 

precipitation on formulation dispersion or digestion in vitro. In contrast, where longer periods 

of absorption are required, for example at higher doses, the requirement for on-going 

solubilisation and supersaturation becomes more apparent. 

 

Keywords 

Absorption, lipid-based drug delivery systems, in vitro digestion, in situ intestinal perfusion, 

fenofibrate, supersaturation 

 

Introduction 

Poorly water-soluble drug (PWSD) candidates are an increasingly common product of modern 

drug discovery programs with approximately 40-70% of drug candidates classified as poorly 

water soluble 1. The oral bioavailability of a PWSD, however, is often poor, variable and food 

dependent on administration in standard oral tablet or capsule formulations due to inadequate 

dissolution and solubilisation within the intestinal contents 2, 3. Lipid-based formulations (LBF) 

represent one delivery strategy to enhance the solubilisation and oral bioavailability of PWSDs 

4-6. LBFs typically consist of a combination of lipids, surfactants and/or co-solvents in which 

the PWSD is pre-dissolved, thus avoiding the requirement for traditional dissolution from a 

solid dose form prior to drug absorption. Within the small intestine, LBFs undergo dispersion 

and dilution with intestinal fluids, and digestion due to the presence of pancreatic lipase and 

co-lipase. These processes usually result in a decrease in drug solubilisation capacity. This 

creates an imbalance between the (typically high) drug concentration initially present within 
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the LBF pre-concentrate, and the apparent drug solubility in the dispersed and digested 

formulation in the gastrointestinal (GI) tract. This imbalance drives the generation of drug 

supersaturation 7, 8. The effects of supersaturation can be both positive and negative with 

respect to drug absorption. On the one hand, supersaturation can enhance drug absorption via 

an increase in thermodynamic activity and free drug concentration; on the other, 

supersaturation can also be a driver for drug precipitation. Where precipitation is significant, 

the requirement for drug dissolution returns and drug absorption may be compromised 9, 10. 

The propensity for LBFs to lose solubilisation capacity, and to generate and maintain 

supersaturated drug concentrations during dispersion and digestion is related to excipient 

composition. In this respect, the Lipid-based Formulation Classification Scheme (LFCS), 

proposed by Pouton 11, 12, provides a useful framework with which to describe the likely impact 

of dispersion and digestion on drug solubilisation. The LFCS organises LBFs into one of four 

groups based on excipient composition, ranging from Type I (consisting of highly lipophilic, 

glyceride-based excipients) to Type IV (comprising surfactants and co-solvents and no 

traditional lipid excipients). Formulations consisting entirely of co-solvent and surfactant (i.e., 

Type IV) lose in vitro solubilisation capacity rapidly upon dispersion (and thus rapidly generate 

supersaturation) since they are essentially miscible in aqueous environments. In contrast, the 

addition of lipidic excipients, (i.e., in Type II, IIIA and IIIB formulations) delays the drop in 

solubilisation capacity and reduces the chance of supersaturation due to the generation of 

nanoemulsified droplets on formulation dispersion (in which drug solubility is commonly 

maintained). In many cases, however this is transient and the subsequent challenge of lipid 

digestion results in a second drop in solubilisation capacity and an increase in supersaturation. 

Moving from Type IV to Type IIIB, Type IIIA and Type II formulations, lipid content rises 
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and the likelihood of supersaturation and precipitation on dispersion drops. However, the 

importance of digestion increases. On digestion, significant differences in solubilisation are 

evident depending on the lipids employed and as such LBFs are commonly further described 

based on lipid content. This allows differentiation between formulations containing medium-

chain (MCT) and long-chain (LCT) triglycerides (i.e., Type IIIA-LC and Type IIIA-MC). In 

general, the digestion products of LCTs appear to better maintain solubilisation post digestion 

when compared to MCT digestion products 13, 14. 

 Understanding of the factors that influence LBF performance, including drug solubilisation, 

supersaturation and precipitation during formulation dispersion and digestion, has improved 

greatly in recent years. Nonetheless, commercial LBF products are still limited in numbers due, 

in part, to the complexity of the digestion process in vivo and a limited ability to predict a priori 

the best LBF design to promote absorption of a given drug 15. In vitro digestion models are 

increasingly employed as a pre-clinical screening tool to predict in vivo LBF performance 

based on drug solubilisation and supersaturation during dispersion and digestion of LBF within 

a simulated small intestine environment 16-19. This model has substantially enhanced our 

understanding of formulation performance and in some cases differences in drug solubilisation 

or supersaturation on in vitro digestion have been found to correctly rank order LBF 

performance in vivo 14, 20, 21.  The in vitro digestion model does not, however, perfectly replicate 

the in vivo environment as it lacks an absorption sink and in vitro solubilisation in the model 

does not always reflect in vivo performance 14, 22-24.  

Previously, work has been undertaken within our laboratory to develop a new in vitro digestion 

– in vivo absorption model that couples the simulated intestinal lipid digestion model with an 

absorption sink by perfusing the digesting LBF through an externalised jejunum segment in an 
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anesthetised rat 25. Drug flux is then assessed via the collection of blood from the mesenteric 

vein directly draining the perfused intestinal segment. Initial studies determined the 

solubilisation and absorption of the model PWSD fenofibrate from a series of LBF in this 

model. Whilst the solubilisation capacity of the LBFs differed during in vitro digestion (one 

LBF resulted in fenofibrate precipitation on formulation dispersion and the other two LBFs 

precipitated post-digestion at varying times), drug flux from the intestine into the mesenteric 

vein was similar across all three LBFs. The results suggested that for a highly permeable PWSD 

such as fenofibrate, a brief period of supersaturation prior to drug precipitation may be 

sufficient for absorption in this model. Bioavailability studies from other laboratories have also 

shown similar absorption profiles for fenofibrate regardless of the LBF used, despite the fact 

that the LBFs displayed different solubilisation profiles in a closed in vitro digestion model 23, 

24. 

The aim of the current study was to expand these previous studies by examining different 

formulations with more marked differences in in vitro performance and to further develop the 

model to allow investigation of drug flux over longer time periods and across intestinal 

segments of different lengths. The new model provides significant new insight into drug 

absorption from LBFs, and in particular the importance of absorptive area and the relationship 

between periods of supersaturation in solution and the timescale of absorptive flux. The data 

suggest that short periods of supersaturation (minutes) are able to support absorption over much 

longer time periods (~5 fold), but that ultimately, where drug absorption requires extended time 

frames or larger absorptive surface areas, ongoing drug solubilisation (rather than brief periods 

of supersaturation) are required. 
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Experimental section 

Materials  

Fenofibrate, fenofibric acid, meclofenamic acid, corn oil, sodium taurodeoxycholate 95% 

(NaTDC), 4-bromophenylboronic acid (4-BPB) and the porcine pancreatin extract (P7545, 8 x 

USP specifications activity) were obtained from Sigma-Aldrich (St. Louis, MO). Captex 300, 

a medium-chain triglyceride was donated by Abitec Corporation (Columbus, OH). Kolliphor 

EL (polyoxyl 35 hydrogenated castor oil) was donated by BASF Corporation (Washington, 

NJ). Transcutol HP was donated by Gattefossé (St. Priest, France). Phosphatidylcholine (PC) 

(Lipoid E PC S, approximately 99.2 % pure, lecithin from egg) was obtained from Lipoid 

(Lipoid GmbH, Ludwigshafen, Germany). 1 M sodium hydroxide, which was diluted with 

Milli-Q water to obtain 0.2 and 0.6 M NaOH titration solution, was purchased from Merck 

(Darmstadt, Germany). Heparin sodium injection BP (Hospira, VIC, Australia), xylazine (Troy 

Laboratories, NSW, Australia), acepromazine (Delvet Pty, NSW, Australia), ketamine (Provet, 

NSW,Australia) and pentobarbitone sodium (Virbac, NSW, Australia) were obtained from 

listed suppliers. Water was obtained from a Milli-Q water purification system (Millipore, 

Bedford, MA). All other chemicals and solvents were of analytical purity or high performance 

liquid chromatography (HPLC) grade. Hypergrade solvents obtained from Merck (Kenilworth, 

NJ) were used for UPLC-MS/MS analysis. 

 

Methods 

Preparation of lipid-based formulations containing fenofibrate 

The three LBFs used in this study (see Table 1) were initially examined by the LFCS 

Consortium using standardised in vitro digestion testing methods for LBFs 26. The equilibrium 
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solubility of fenofibrate in each of the three LBFs was determined here as per previously 

described methods 27. Formulations were initially loaded with fenofibrate at a consistent 

concentration of 80% of the drug solubility within the LBF. In later experiments, the drug load 

was altered to further explore the dynamics of drug solubilisation, supersaturation and 

absorption. Formulations were incubated with drug at 37oC for at least 24 h prior to use 20. 

 

Table 1: Composition of the LBFs investigated, equilibrium solubilities of fenofibrate in the 

LBFs [mean ±SD (n=3)] and mass of drug in the LBF when loaded at 80% of saturated 

solubility in the respective formulation. 

Formulation Type* 

(oil/surfactant/ 

co-solvent, % w/w) 

Composition (% w/w) 

Equilibrium 

solubility 

(mg/g) 

Drug mass at 

80% 

saturation 

(mg/g) 

Type IIIA-LC65:35:0 65% Corn Oil: Maisine 35-1 (1:1) 

35% Kolliphor EL 

103.2 ±2.9 83 

Type IIIB-MC25:50:25 25% Capmul MCM 

50% Kolliphor EL 

25% Transcutol HP 

141.4 ±1.3 113 

Type IV0:50:50 50% Kolliphor EL 

50% Transcutol HP 

170.8 ±2.6 137 

*LC = long chain, denoting a formulation composed of long-chain length lipids, MC = medium 

chain, denoting a formulation composed of medium-chain length lipids 

 

Fenofibrate solubilisation and absorption assessment using the in vitro digestion – in 

vivo absorption model  

The in vitro digestion – in vivo absorption model 25 which incorporates both simulated lipid 

digestion and in situ lipid/drug absorption was used to probe the impact of dispersion and 
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digestion of the LBF on fenofibrate supersaturation, precipitation and absorption. The model 

comprised of two sections, an in vitro digestion apparatus and a rat in situ permeability model 

connected by a peristaltic pump (Pump P-1, Pharmacia Biotech, Amersham Biosciences, 

Piscataway, NJ). The in vitro digestion model allowed dispersion and digestion of LBF 

(described in detail in the In vitro digestion section below) in biorelevant media containing 

pancreatic enzymes, with simultaneous analysis of drug solubilisation and supersaturation. The 

in situ permeability model allowed continuous perfusion of the contents of the in vitro digestion 

model (above) into an isolated rat jejunum segment (as an absorption sink), with collection of 

blood from the mesenteric vein directly draining that segment (as described in Single pass rat 

jejunum intestinal perfusion section) or from the carotid artery (as described in Systemic 

absorption following jejunual perfusion section) to enable quantification of absorbed drug 

concentrations. 

 

The perfusion buffer (i.e., the in vitro digestion fluid consisting of LBF, fenofibrate, simulated 

intestinal fluid and pancreatic enzyme) was pumped through the perfused intestine segment at 

a rate of 0.4 mL/min. To examine the impact of drug solubilisation, supersaturation and 

precipitation on drug absorption under different conditions, the start time and the content of 

the fluids perfused through the jejunum segment was varied as described below. 

 

In vitro digestion 

In vitro digestion experiments were performed as described previously using a pH-stat titration 

unit (Radiometer, Copenhagen, Denmark) 25. In brief, LBF (1.1 g) were weighed directly into 

a thermostat-jacket glass reaction vessel (Metrohm, Herisau, Switzerland) and dispersed in 40 
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mL simulated intestinal fluid (pH 6.5, 2 mM Tris-maleate, 150 mM sodium chloride, 1.4 mM 

calcium chloride dehydrate, 3 mM sodium taurodeoxycholate and 0.75 mM 

phosphatidylcholine) for 15 min during which time the media was stirred with a magnetic 

stirrer. Digestion was initiated via the addition of porcine pancreatin extract enzyme (1000 

tributyrin units per 1 mL of simulated intestinal fluid) and continued for 60-80 min. During the 

dispersion and digestion of the LBF, 0.5 mL samples were removed from the reaction vessel 

every 5 min and subsequently centrifuged (MiniSpin, Eppendorf AG, Hamburg, Germany) at 

6708 g for 10 min to remove any precipitated drug. Post centrifugation, the supernatant (100 

µL) was removed, diluted (100-fold with acetonitrile) and analysed using a previously 

validated HPLC method 25 to measure fenofibrate concentrations. 

 

Determination of apparent drug solubility in the aqueous pre- and post-digestion phases 

The solubility of crystalline fenofibrate in the aqueous phase generated during dispersion and 

digestion of blank LBFs was evaluated under the same in vitro digestion conditions as 

described above. Blank (i.e., non-drug containing) LBFs were dispersed and digested in  

40 mL simulated intestinal fluid, samples (4 x 1 mL) were taken at set time points (t=-10, 5, 

15, 30 and 60 min) and centrifuged (10 min, 6780 g, MiniSpin). The supernatants were pooled 

and 1 mL of the pooled supernatant was added to each of three polypropylene tubes for each 

time point, containing excess crystalline fenofibrate (10-20 mg), these were vortexed and 

placed in a shaking incubator (Orbital Mixer Incubator, Ratek Instruments, Melbourne, 

Australia) at 37oC. Samples were removed from the shaking incubator at various time points 

and centrifuged (37oC, 2100 g, Heraeus Fresco 21, Thermo Scientific, Osterode, Germany) for 

10 min. The supernatant was sampled and diluted with acetonitrile prior to HPLC analysis as 
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described previously 25. Apparent solubility was defined when the difference between the mean 

solubility value over two time points was less than 10%. 

 

Supersaturation assessment 

Using the solubilised drug concentration measured during dispersion and digestion of drug 

loaded formulations (numerator) and the apparent drug solubility of crystalline fenofibrate in 

the aqueous phase obtained on dispersion and digestion of drug free formulations (denominator) 

a supersaturation ratio (SR) was obtained at each time point via Equation 1. 

 

𝑠𝑢𝑝𝑒𝑟𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑠𝑒𝑑 𝑑𝑟𝑢𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑑𝑟𝑢𝑔 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
  

Equation 1: Calculation of supersaturation ratio (SR). 

The supersaturation ratio we describe herein refers to the measured drug concentration in a 

solubilised dispersion or digestion phase compared to drug solubility in that phase and is 

therefore atypical when compared to the more common definition of supersaturation relative 

to drug solubility in free solution. As such the supersaturation ratio could be more accurately 

described as an ‘apparent’ supersaturation ratio. For the purpose of brevity, however, and 

realising the caveats above, subsequent reference to the apparent supersaturation ratio will refer 

simply to supersaturation ratio.   
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In situ absorption model 

All surgical and experimental conditions were performed in accordance with the Australian 

and New Zealand Council for the Care of Animals in Research and Teaching guidelines and 

approved by the institutional animal experimentation ethics committee (Monash Institute of 

Pharmaceutical Science – Monash University). 

Male Sprague-Dawley rats weighing 300-350 g were fasted overnight (12-18 h) prior to surgery 

and were anaesthetised as described previously 25, using a combination of ketamine, xylazine 

and acepromazine. Anaesthesia was initiated via subcutaneous injection of cocktail I (37.3 

mg/mL ketamine, 9.8 mg/mL xyaline, 0.4 mg/mL acepromazine in saline; dose 1.0 mL/kg) and 

maintained via subcutaneous injection of cocktail II (90.0 mg/mL ketamine, 0.9 mg/mL 

acepromazine; dose 0.44 mL/kg every hour thereafter) for the duration of the experiment. Rats 

underwent a 30 min post-surgery equilibration period prior to perfusion initiation. At the 

conclusion of all experiments, rats were euthanized humanely via intracardiac or intravenous 

injection of sodium pentobarbitone (>100 mg/kg). 

Single pass rat jejunum intestinal perfusion 

Experimental and surgical preparation of the in situ intestinal perfusion model was described 

in detail previously 25. In brief, the model was employed to assess drug flux across an 

anesthetised rat jejunum segment and involved the cannulation of a ~10 cm jejunum segment 

by electro-cautery with elbow tube polypropylene fittings, with the inlet port connected to the 

peristaltic pump (Pump P-1, Pharmacia Biotech) to enable perfusion of the contents of the in 

vitro digestion vessel (which contained digesting LBF, digestion media and pancreatic enzyme) 

into the intestinal segment. The outlet tube of the intestinal cannulation allowed collection of 

luminal fluids after transit past the absorption site. The mesenteric vein draining the exposed 
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segment of jejunum was cannulated for continuous blood collection into polypropylene tubes 

and blood was collected over 5 min intervals during the experiment. Tubes were weighed to 

determine blood volume collected and plasma was separated by centrifugation (5 min, 6708 g, 

MiniSpin). Samples were stored at -20oC until analysis by UPLC-MS/MS. In all experiments, 

freshly collected heparinized donor blood was infused at 0.3 mL/min via the jugular vein over 

the duration of the perfusion to maintain the volume of the blood pool. 

In an initial set of experiments, the three formulations were loaded with fenofibrate at 80% of 

drug solubility in the respective formulation (see Table 1) and perfusion of the digesting LBF 

commenced on the addition of the pancreatic enzyme (i.e., on digestion initiation at t=0 min) 

and ran for 60-80 min in duration. In later studies, to more closely evaluate the impact of initial 

drug supersaturation on drug absorption, the perfusion time through the jejunum segment was 

changed. The perfusion was initiated either prior to the addition of the pancreatic enzyme (for 

the Type IV formulation, perfusion started at t= -14 min relative to digestion initiation), or was 

delayed until 15 minutes after digestion was initiated (t=15 min). In further experiments, the in 

vitro digestion was run for 60 min, the digest collected and precipitated drug removed by 

centrifugation (for the Type IIIB-MC formulation only) and the supernatant then perfused. 

 

Systemic absorption following jejunual perfusion 

To better understand the impact of drug solubilisation and supersaturation on drug absorption 

from the small intestine, LBFs were perfused through similar isolated jejunum segment lengths 

(~10 cm) as employed in the single pass jejunum intestinal perfusions, but in this case blood 

was collected from the carotid artery (rather than the mesenteric vein) over longer periods of 
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time (up to 4 h). The extension of time necessitated blood collection from the carotid artery as 

collection from the mesenteric vein and continual autoperfusion of donor blood over this time 

frame was impractical.  Studies were also conducted using longer cannulated jejunum segments 

lengths (~40 cm) to explore the effect not only of extended time, but also increased absorptive 

surface area.  Cannulation of the carotid artery was performed using polyethylene tubing (0.80 

x 0.50 mm) and involved surgical procedures as previously described 25. LBFs underwent the 

same dispersion and digestion conditions as described above. During perfusion of digesting 

LBFs through the jejunum segment, blood samples (250 µL) were taken at 15, 30, 45, 60, 90, 

120, 180 and 240 min. Blood samples were transferred into 1.5 mL polypropylene tubes 

containing 10 IU heparin sodium and underwent centrifugation (5 min, 6708 g, Minispin) and 

were stored (-20oC) prior to fenofibric acid analysis. At 80 min, almost the entire contents of 

the in vitro digestion vessel (40 mL) had been pumped through the jejunum segment. To 

maintain rat hydration, the perfusate was then switched to blank simulated intestinal fluid for 

the remainder of the experiment. 

 

Quantification of fenofibric acid flux into the mesenteric vein and systemic circulation 

Conversion of fenofibrate to fenofibric acid via hydrolysis in tissue and plasma has been shown 

in previous studies to occur rapidly with only fenofibric acid detectable in the systemic blood 

circulation 25, 28, 29. Fenofibrate has also previously been used in the in situ perfusion model and 

was not detectable in blood collected from the mesenteric vein, with only fenofibric acid 

detected suggesting complete conversion of fenofibrate to fenofibric acid during absorption 

across the intestine. In order to quantify the flux and absorption of fenofibrate into the 

mesenteric vein and systemic circulation during intestinal perfusion, fenofibric acid 
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concentrations were thus analysed in the collected blood samples. The preparation and analysis 

of plasma samples for the quantification of fenofibric acid concentrations, including the 

preparation of calibration and internal standards, was completed as described previously using 

a validated UPLC-MS/MS method on a LCMS-8030 triple quadruple mass spectrometer 

(Shimadzu, Kyoto, Japan) 25. In the single pass rat jejunum intestinal perfusions, drug flux was 

measured as fenofibric acid mass transport into mesenteric blood. To calculate total transport 

into blood, the mean blood:plasma ratio was determined for fenofibric acid (0.67 ± 0.04) as 

previously reported 25 and was used to convert plasma concentrations to blood masses. 

 

Statistical analysis 

Statistically significant differences were performed by one-way ANOVA with Tukey post-test 

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

performed using GraphPad Prism version 6.05 for Windows (GraphPad Software, La Jolla, 

CA). 

 

Results 

In vitro solubilisation evaluation 

The equilibrium solubilities of fenofibrate in the three LBFs investigated are shown in Table 

1. Increasing the co-solvent concentration (i.e., Transcutol) from formulations Type IIIA-LC 

to IIIB-MC to IV, resulted in an increase in fenofibrate solubility, as seen in previous studies 

using fenofibrate and other PWSDs 7, 26. Fenofibrate drug loading at 80% of the saturated 
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solubility in each of the LBFs was chosen for initial perfusion experiments to ensure consistent 

thermodynamic activity across the LBFs. 

The in vitro solubilisation performance of the three LBFs with 80% (of the saturated solubility) 

drug load can be seen in Figure 1. The Type IIIA-LC formulation was able to support the 

continued solubilisation of fenofibrate throughout dispersion and digestion, whereas the Type 

IV formulation rapidly lost solubilisation capacity on dispersion and precipitated drug was seen 

following centrifugation of samples, including those taken at the first dispersion time point. 

The Type IIIB-MC formulation lost solubilisation capacity progressively during dispersion and 

at the first stage of digestion over which time drug appeared to precipitate until the solubilised 

concentration was close to the apparent solubility of the drug in the digestion media. 

The apparent solubilities of fenofibrate in the aqueous colloidal phases created by dispersion 

and digestion of drug free LBFs (Figure 1A-C), allowed the calculation of drug supersaturation 

(using Equation 1) at each time point during formulation dispersion and digestion. During 

dispersion, the presence of water-miscible components (i.e., surfactant and co-solvent) within 

the LBF led to a decrease in apparent solubility. This is seen most obviously with the 

formulation consisting solely of surfactant and co-solvent (Type IV) which rapidly lost drug 

solubilisation capacity on dispersion. The presence of lipid components within the other LBFs 

resulted in less rapid decreases in solubility on dispersion, but more obvious changes on 

digestion (eg. the Type IIIA-LC and IIIB-MC formulations), due to physical and chemical 

changes to the aqueous colloidal phases. The apparent solubility of fenofibrate in the lipid free 

Type IV formulation did not change on digestion. 
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Figure 1: Drug solubilisation profiles of fenofibrate (80% saturation) during in vitro dispersion 

and digestion of the three LBFs. Panel A: Type IIIA-LC ●. Panel B: IIIB-MC ▲. Panel C: 

Type IV ■. Apparent fenofibrate solubility in the aqueous colloidal phase produced by 

dispersion and digestion of drug free LBF in the respective formulations is depicted by dotted 

lines. Panel D: Overlaid drug solubilisation profiles for the three LBFs during in vitro 

dispersion and digestion, without the attendant apparent solubility data (in panels A-C). Greyed 

panel represents the dispersion stage. Data represent mean ±SD (n=3). 

The ratios between the solubilised fenofibrate concentrations measured during the kinetic 

dispersion/digestion experiments and the apparent drug solubility in the aqueous phase during 

dispersion and digestion of the LBFs provide supersaturation ratios. These are plotted versus 

time in Figure 2A. Supersaturation was generated and maintained during digestion for the Type 
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IIIA-LC formulation. In contrast, for the Type IIIB-MC formulation, supersaturation was seen 

during dispersion only as drug precipitated rapidly, lowering the solubilised concentration of 

fenofibrate to a level similar to the apparent solubility in the colloidal phase. The Type IV 

formulation did not maintain supersaturation during dispersion or digestion as the drug 

precipitated and solubilised concentrations dropped rapidly upon initial dilution of the 

formulation during the dispersion phase. 

To provide an indication of the aggregate thermodynamic activity of fenofibrate during 

processing of each LBF, the area under the supersaturation-time curve (AUC) for each 

formulation between 0-60 min was calculated using the trapezoid rule (Figure 2B). The Type 

IIIA-LC formulation exhibited the largest supersaturation AUC as it maintained drug 

solubilisation at supersaturated concentrations during formulation dispersion and digestion. In 

contrast, for the Type IIIB-MC and IV formulations a decrease in solubilised drug 

concentrations to the apparent drug solubility was seen relatively quickly due to drug 

precipitation, resulting in lower supersaturation AUC values. These in vitro parameters 

demonstrate that the Type IIIA-LC exhibits the largest supersaturation AUC over the 60 min 

digestion period suggesting that this formulation may support increased drug absorption in vivo 

when compared to the Type IIIB-MC and IV LBF. 
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Figure 2: In vitro supersaturation of fenofibrate on dispersion and digestion of three LBFs 

incorporating fenofibrate at 80% saturation (Type IIIA-LC ●, Type IIIB-MC ▲, Type IV ♦). 

Panel A: Supersaturation ratios vs. time after LBF dispersion and digestion in the in vitro 

digestion model. Supersaturation ratios were calculated from the ratio of solubilised drug 

concentrations measured during dispersion and digestion of the LBF in the in vitro digestion 

model relative to the apparent solubility of the drug in the colloidal phases formed during 

dispersion and digestion of a blank formulation (as described in the methods). The greyed panel 

represents the dispersion stage. Panel B: Aggregate supersaturation ratios for each of the LBF 

during digestion (calculated using the AUC of the supersaturation ratio vs. time profiles during 

LBF digestion [t=0-60 min] in Panel A). The time period for digestion reflects the period over 

which the formulations were infused into the intestinal segment in the in situ perfusion 

experiments. Data represent mean ± SD (n=3-4). * Statistically significant difference (p < 0.05). 

 

In situ absorption evaluation 

Fenofibric acid flux into the mesenteric blood was determined during perfusion of the in vitro 

digests for each formulation through the jejunum segment (Figure 3A). The AUCs of the 
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mesenteric blood concentrations of fenofibric acid over time (60 min) were subsequently 

calculated (Figure 3B). As expected, the Type IV formulation supported lower drug absorption 

and flux into the mesenteric blood when compared to the other formulations, consistent with 

the rapid drop in drug solubilisation seen during dispersion and digestion of this formulation 

in the in vitro digestion model. In contrast to the in vitro solubilisation data, however, drug flux 

into the mesenteric vein from 5-50 min after perfusion initiation was similar for the Type IIIA-

LC and IIIB-MC formulations despite marked differences in drug solubilisation. The Type 

IIIB-MC formulation thus supported initially more drug absorption than was expected from the 

data obtained from the in vitro digestion model. After 50 min, however, a more marked 

difference in drug flux into the mesenteric vein for the Type IIIA-LC and IIIB-MC 

formulations started to become apparent, with fenofibrate flux from the Type IIIB-MC 

formulation decreasing, whereas the Type IIIA-LC maintained similarly high drug flux. 

In light of the relative short blood sampling time and limited length of intestine that was 

perfused in these early studies (and the realisation that differences in formulation behavior were 

becoming more evident only at later time points), subsequent investigations sought to extend 

sampling periods up to 4 h and to evaluate the impact of extending the perfused segment of 

intestine from 10 cm to 40 cm. In order to extend the sampling time the site of blood sampling 

was changed to measure systemic blood via a carotid artery cannula as it was not practical to 

continuously collect mesenteric blood over long periods. 

Initially experiments were conducted using the same ~10 cm intestine length, but extending 

the sampling time to 4 h to see whether this resulted in greater differences in absorption for the 

Type IIIA-LC and IIIB-MC formulations. The data are presented in Figure 3C. Under these 

conditions the data obtained matched the mesenteric blood collection studies very well with 
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very similar profiles for the Type IIIA-LC and IIIB-MC formulations for the first hour, 

followed by divergence and notably improved absorption from the Type IIIA-LC formulation, 

consistent with the in vitro solubilisation and supersaturation profiles. The Type IV formulation 

was not investigated in this intermediate model but all three LBFs were progressed to the 

experimental protocol that employed longer time frames (4 h) and a longer length (~40 cm) of 

perfused intestine. These data are reported in Figure 3E and reveal similar trends with increased 

flux apparent from the Type IIIA-LC formulation. In this case, however, differences were 

larger and divergence of the Type IIIB-MC and Type IV formulations from the Type IIIA-LC 

was apparent even at earlier time points. 
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Figure 3: Fenofibric acid (FFA) drug absorption assessment using the in vitro lipid digestion 

– in vivo absorption model for three LBFs incorporating fenofibrate at 80% saturated solubility 

(Type IIIA-LC ●, Type IIIB-MC ▲, Type IV ■). Dispersed and digesting formulations were 

perfused through varying intestinal length segments. Panel A: Fenofibric acid flux into the 

mesenteric vein blood across a short (~10 cm) intestinal segment during 60-80 min perfusion 

of the three digesting LBFs. Panel B: Calculated AUC of fenofibric acid flux into the 

mesenteric vein over time (t=0-60 min from Panel A). Panel C: Fenofibric acid drug absorption 

obtained from the carotid artery during a 4 h perfusion over a short (12.3 cm ± 2.3) intestinal 

segment. Panel D: Calculated AUC of fenofibric acid absorption from a short (~10 cm) 

segment over time (from Panel C) during perfusion for each LBF. Panel E: Fenofibric acid 

drug absorption obtained from carotid artery during a 4 h perfusion over a longer (43.3 cm ± 

4.3) intestinal segment. Panel F: Calculated AUC of fenofibric acid absorption from the longer 

(~40 cm) segment over time (from Panel E). Data represent mean ± SEM (n =3-6). * 

Statistically significant difference (p < 0.05). 

 

From the perfusion data, fenofibric acid flux across the absorptive membrane, was most robust 

after perfusion of the Type IIIA-LC formulation, consistent with the in vitro solubilisation and 

supersaturation data. In contrast, for the Type IV formulation absorptive flux was lower, again 

consistent with more rapid precipitation, and limited on going solubilisation. For the Type IIIB-

MC formulation, however, somewhat divergent behaviour was apparent. Over shorter time 

frames (up to 1 h) surprisingly good absorptive flux was apparent, in contradiction to the 

relatively rapid profile of precipitation seen during in vitro dispersion and digestion. Further 

investigation into drug absorption from the Type IIIB-MC formulation was therefore 
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undertaken to better understand this greater than predicted absorption. Our initial hypotheses 

to explain these profiles were that either the initial period of drug supersaturation seen during 

the dispersion phase and first 5 min of digestion was sufficient to support significant drug 

absorption from the Type IIIB-MC formulation for much longer periods (up to 1 h) and/or that 

the drug that precipitated during the initial dispersion and digestion phase was amenable to 

rapid re-dissolution. 

 

Effect of initial period of drug supersaturation on drug flux 

To determine whether either the initial period of supersaturated drug or the precipitate produced 

upon dispersion of the Type IIIB-MC formulation was responsible for the better than expected 

drug absorption, the Type IIIB-MC formulation was first digested for 60 min, the contents of 

the digestion vessel collected, centrifuged to pellet the precipitate and the supernatant only 

(containing no drug precipitate) perfused through the jejunum segment for 60 min. Fenofibrate 

concentrations in the perfusate before and after entry into the jejunum segment were measured 

and were essentially the same as the solubilised drug concentrations obtained from 5-60 min 

in the in vitro digestion experiment (data not shown) confirming that fenofibrate was 

solubilised at concentrations around the saturated solubility in the digesting LBF (i.e., no 

supersaturated drug was present). When compared to the experiments where the Type IIIB-MC 

formulation was perfused through the jejunum at the same time as digestion,   drug flux into 

the mesenteric vein was markedly reduced on perfusion of the supernatant obtained at the end 

of the digestion of the Type IIIB-MC formulation (Figure 4B). Since the solubilised drug 

concentration that was perfused through the intestinal segments was the same in both cases for 

the majority of the perfusion period (i.e., 5-60 min), the data suggest that either precipitated 
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drug (that was removed from the digested Type IIIB-MC formulation) or that the initial period 

of drug supersaturation during dispersion and digestion of the Type IIIB-MC formulation were 

responsible for the higher drug flux seen with the Type IIIB-MC formulation. 

 

Figure 4: Evaluation of impact of initial supersaturation on fenofibrate absorption from Type 

IIIB-MC formulation. Panel A: Drug solubilisation profile of fenofibrate (at 80% saturated 

solubility) in the Type IIIB-MC LBF within the in vitro digestion model. Fenofibrate drug 

solubilisation profiles were similar under all three experimental conditions. Data represent 

mean ±S D (n=3). Panel B: Mesenteric blood appearance of fenofibric acid (FFA) [mean ± 

SEM (n=3)]. Experimental conditions: (▲) original perfusion of digesting Type IIIB 

formulation, (○) perfusion where Type IIIB-MC formulation was digested for 60 min and 

excess precipitated drug removed prior to infusion and (∆) delayed perfusion of digesting Type 

IIIB-MC formulation (perfusion started 15 min after commencing digestion). 

 

To confirm whether the initial period of supersaturation or the presence of precipitated 

fenofibrate (which might, for example, be more readily resolubilised), supported the higher 
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drug flux seen on perfusion of the digesting Type IIIB-MC formulation, a second experiment 

was conducted where the perfusion through the jejunum segment was delayed so that 

supersaturation was extinguished and fenofibrate had precipitated to approximately the 

apparent drug solubility point – but in this case the precipitated drug was not removed. In this 

experiment, the in vitro digestion – in vivo absorption model was set up as previously described, 

the 15 min dispersion phase was conducted as before but when digestion was initiated, 

perfusion was not immediately started and instead the formulation was allowed to digest for 

15 mins before starting perfusion into the intestine. Fenofibrate concentrations in the aqueous 

phase of the perfusate before and after entry into the jejunum segment were measured and were 

again similar to solubilised drug concentrations from 5-60 min in the original experiments (and 

in the experiments above where the formulation was pre-digested and the precipitate removed, 

thus exemplar data for a single condition only shown). Interestingly, delaying the perfusion of 

the digesting Type IIIB-MC formulation until after the initial period of drug supersaturation 

(but retaining and perfusing precipitated drug), reduced fenofibric acid flux into the mesenteric 

vein to levels similar to that seen after predigesting and removing the precipitate (Figure 4B). 

Thus, the presence of precipitated drug had no effect and the initial period of supersaturation, 

and not re-dissolution of precipitated drug, was responsible for the unexpectedly high drug 

absorption. 

To further confirm that even a very brief period of supersaturation is sufficient to support drug 

absorption, we further examined drug flux from the Type IV formulation since this formulation 

led to extremely rapid drug precipitation. Figure 5A shows a comparison of the data obtained 

in the current study (where fenofibrate was loaded at 80% saturated solubility or 137 mg/g 

formulation) with data obtained in a previous study with an identical formulation and in the 
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same experimental model, but where the formulation contained drug at a lower drug loading 

(60 mg/g or 35% saturated solubility) 25. Fenofibric acid flux into the mesenteric vein was 

lower after perfusion of the Type IV formulation in the current study (Figure 5B), consistent 

with the more rapid precipitation of fenofibrate from the Type IV formulation containing the 

higher (80% saturated solubility) drug load during dispersion. This was initially surprising 

since perfusion into the intestinal segment was not initiated until time zero (i.e., digestion 

initiation, t=0 min), at which point the in vitro solubilisation profiles of the two formulations 

were essentially the same. However, the nominal time points for the in vitro solubilisation 

phase during formulation digestion may, in practice, be displaced, especially for rapidly 

digesting formulation. Thus a sample taken at -10 min from the digest is removed placed into 

a centrifuge tube and then centrifuged for 10 min, prior to sampling the supernatant and analysis 

of solubilised drug concentration. Assuming rapidly precipitating drug can continue to 

precipitate during this period, the time of the measured solubilised drug concentration probably 

lags the actual time by a period similar to the centrifugation time i.e., ~10 min. As such the 

measured solubilised concentrations nominally suggested to reflect data during the dispersion 

phase may actually better reflect drug concentrations some 10 min later and in effect the 

concentrations that are first perfused into the intestinal segment. 

To determine whether a brief period of drug supersaturation during the dispersion phase was 

sufficient to support increased drug absorption from the formulation containing a lower drug 

load, intestinal perfusion of the lower drug load Type IV formulation was delayed until 15 min 

after initiation of formulation digestion (to exhaust supersaturation). Delaying the perfusion of 

the Type IV formulation with the lower drug load resulted in a reduction in fenofibric acid flux 

into the mesenteric vein to a level similar to that seen on perfusion of the same formulation 
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with higher drug load (as seen in Figure 5B).  In a further experiment, the perfusion of the Type 

IV formulation with the lower drug load was initiated earlier – in this case immediately 

following formulation dispersion (i.e., at 1 min post-dispersion and 15 min earlier than the 

other data sets). Initiating early perfusion of the Type IV formulation resulted in a significant 

increase in fenofibric acid drug flux into the mesenteric vein when compared to the other Type 

IV formulation perfusions undertaken. The data are all consistent with the suggestion that a 

very brief period of drug supersaturation, possibly only 10-15 min appears to be sufficient to 

drive intestinal drug flux for up to 1h. 
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Figure 5: Evaluation of impact of initial supersaturation on fenofibrate absorption from Type 

IV formulation. Panel A: Fenofibrate drug solubilisation profiles for the Type IV LBF within 

the in vitro digestion model under different conditions. All Type IV LBFs loaded with drug at 

60 mg/g (35% saturation) exhibited similar solubilised drug concentrations [mean ±SD (n=3)]. 

Panel B: Mesenteric blood appearance of fenofibric acid [mean ±SEM (n=3)]. Experimental 

conditions: □ Perfusion of Type IV LBF loaded with drug at 35% saturated solubility or 60 

mg/g a, ■ Perfusion of Type IV LBF loaded with drug at 80% saturation or 137 mg/g, □ 

Perfusion of Type IV LBF loaded with drug at 60 mg/g with perfusion delayed by 15 min and 

■ Perfusion of Type IV LBF loaded with drug at 60 mg/g with perfusion beginning 1 min after 

initiation of LBF dispersion. a Data reproduced from Crum et al.25. 

 

 

 

Discussion  

Traditionally, drug solubilisation (and supersaturation) during intestinal processing of LBFs 

has been investigated in closed one compartmental systems such as the in vitro digestion model 

7, 21, 30, 31. In these models drug precipitation during dispersion and subsequent digestion is 

typically assumed to be detrimental to absorption for PWSD since it re-initiates the requirement 

for drug dissolution. However, recent studies, in particular for LBFs of fenofibrate, have shown 

good oral drug exposure, regardless of differences in drug precipitation within the in vitro 

digestion model 23, 24, 32. These observations have led to the suggestion that for some drugs the 

closed in vitro digestion model may overestimate drug precipitation in vivo. In an attempt to 
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better understand these relationships, previous work from our laboratory developed a coupled 

in vitro digestion – in vivo absorption model to explore the interplay between 

solubilised/supersaturated drug concentrations and drug absorption in a system with an 

effective drug absorption sink. The in situ rat jejunum was chosen as the absorption sink, due 

to robust membrane integrity in the presence of physiologically relevant concentrations of fatty 

acids, digestive enzymes and bile salts. Using this system, and consistent with previous in vivo 

studies, similar drug flux into the mesenteric blood was seen after perfusion of digesting LBF 

where different rates of drug precipitation were evident in the in vitro digestion model 25. 

The current studies were undertaken to better explore the relationship between drug 

solubilisation and supersaturation during LBF digestion and flux across the absorptive 

membrane. Three similar fenofibrate LBFs were employed but in this case were loaded with 

larger quantities of drug to promote more rapid precipitation. The in situ absorption sink within 

the model was also varied to allow flux across a longer intestinal segment and over a longer 

time period to probe the potential for changes to absorption patterns where the required time 

for absorption (for example at higher doses, or for less permeable drugs) was longer. 

The in vitro solubilisation and supersaturation profiles of fenofibrate after dispersion and 

digestion of the three formulations employed (Type IIIA-LC, IIIB-MC, and IV) were markedly 

different (Figure 1D), and more differentiated than previous studies with similar formulations 

at lower drug loads 25. The Type IIIA-LC formulation (Figure 1A) maintained fenofibrate 

solubilisation throughout in vitro dispersion and digestion. On digestion, drug supersaturation 

was initiated due to a drop in solubilisation capacity and this level of supersaturation was 

subsequently maintained (Figure 2A). In contrast, the Type IIIB-MC and IV formulations 

(Figure 1B & Figure 1C respectively), resulted in rapid decreases in aqueous phase 



31 

 

concentrations and only transient periods of supersaturation (Figure 2A). Based on the 

solubilisation hypothesis (i.e., that persistent in vitro solubilisation promotes enhanced in vivo 

absorption), these data might suggest better absorption from the Type IIIA-LC formulation 

followed by the Type IIIB-MC and finally the Type IV. Alternatively, in light of previous in 

vivo data 23, 24, the alternate hypothesis might be posited that the high permeability of 

fenofibrate facilitates good drug exposure from all formulations in vivo since drug may be 

absorbed sufficiently rapidly that precipitation does not occur or does not limit drug flux. The 

current studies sought to probe these alternative scenarios using the in vitro digestion – in vivo 

absorption model. 

In the first series of studies, LBFs (~1.1 g formulation containing 80-135 mg fenofibrate) were 

dispersed into the 40 mL digestion vessel and subsequently perfused across a 10 cm isolated 

intestinal segment over 60-80 min (shown in Figure 3A). This provides a very significant 

absorptive challenge since it provides both a relatively high dose and low absorptive area. In 

these initial in vitro-in situ experiments, marked differences in absorptive drug flux were 

observed between the two formulations (i.e., Type IIIA-LC and IV) that exhibited the most 

different solubilisation capacities during the in vitro digestion test (seen in Figure 1D). 

Consistent with the solubilisation hypothesis, absorptive drug flux from the Type IIIA-LC 

formulation, where solubilisation and supersaturation was highest, was markedly higher than 

that from the Type IV formulation. For the Type IIIB-MC formulation, drug flux across the 

membrane over early time points (t=5-50 min), was as efficient as Type IIIA-LC formulation 

(Figure 3A), in spite of markedly different in vitro solubilisation profiles (Figure 1D), but at 

later time periods (i.e., 60-80 min) the patterns of absorptive drug flux diverged and drug flux 
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from the Type IIIB-MC formulation dropped to levels more consistent with the Type IV 

formulation (and more consistent with the in vitro solubilisation profiles). 

The differences in the kinetics of drug absorption from the Type IIIA-LC and Type IIIB-MC 

formulations were probed in more detail by repeating these experiments with the same 

intestinal absorptive area, but prolonging the period of blood sampling to 4 h (Figure 3C). The 

extended sampling protocol dictated the need to sample systemic blood (from the carotid artery) 

rather than continuous collection of mesenteric blood. The data obtained were remarkably 

similar to that obtained with mesenteric blood collection and initial (up to 1 h) patterns of drug 

absorption into systemic blood were similar for both the Type IIIA-LC and Type IIIB-MC 

formulations, whereas at longer perfusion times (t > 1 h), fenofibrate absorption from the Type 

IIIB-MC formulation dropped and was lower than that from the Type IIIA-LC formulation. 

The data obtained suggest that formulations such as the Type IIIA-LC formulation that 

maintain solubilisation and supersaturation for long periods are able to sustain absorption of 

even large quantities of drug over long periods.  In contrast the Type IIIB-MC formulation 

where solubilisation was maintained only transiently, but where significant initial 

supersaturation was evident, appear able to maintain absorptive flux for a finite period, but 

ultimately, over longer time periods and higher perfused doses, was unable to sustain high 

levels of absorptive flux, especially over a narrow absorption window (i.e., a 10 cm intestinal 

segment). For the Type IV formulation, where precipitation was extremely rapid, absorptive 

flux across the relatively small intestinal segment was low at all time periods. 
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Impact of absorptive area on drug absorption 

To evaluate the role of absorptive area, experiments were subsequently repeated where the 

contents of the in vitro digest were perfused over a larger intestinal segment over the longer 

time period (4 h), shown in Figure 3E. These conditions were chosen to mimic a theoretical in 

vivo situation where the required period of absorption is long and where a large proportion of 

the intestine is required to accommodate drug absorption (e.g., conditions encountered at high 

drug dose or for low permeability compounds or efflux substrates). Under these conditions, 

broadly similar trends were apparent to those seen throughout the current investigation, 

although the impact of ongoing solubilisation became more apparent. Thus, fenofibrate drug 

absorption was significantly higher from the Type IIIA-LC formulation where drug 

solubilisation and supersaturation persisted throughout the perfusion period. Interestingly, the 

benefit of the transient period of absorptive drug flux apparent for the Type IIIB-MC 

formulation relative to the Type IV formulation was no longer apparent and absorption from 

both of these formulations, where drug precipitation on in vitro dispersion and digestion was 

rapid, was similar. Notably, the increase in absorptive area had a very significant effect on 

absolute drug absorption and systemic plasma concentrations were approximately 10 fold 

higher after perfusion through the 40 cm intestinal segment when compared to the 10 cm 

intestinal segment (shown in Figure 3F and Figure 3D respectively). An explanation for the 

non-linear increase in absorptive flux with increase in absorptive surface area is not clear at 

this time, but suggests that the absorptive sink generated by the larger surface area was 

significantly more effective. This underlines the importance of high surface area in drug 

absorption models and advocates for the use of, for example, in situ perfusion models rather 

than models based on a cultured cell monolayer where the available area is much lower.  
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Collectively, the data suggest that in general a LBF that promotes drug solubilisation and 

supersaturation (such as the Type IIIA-LC formulation) can promote robust drug absorption 

over a range of conditions. For LBFs of permeable drugs where rapid drug precipitation is 

evident, the picture is less clear, and drug flux over early time periods appears to be able to be 

supported, presumably by early periods of drug supersaturation. Ultimately, however, if drug 

absorption is required to continue over longer periods (for example at higher doses), then these 

initial solubilisation or supersaturation benefits appear to be overwhelmed and absorption 

reduced. Notably, the relative surface area of the small intestine in humans is thought to be 

larger than that in the rat 33. The transient supersaturation events that occur on formulation 

dispersion and digestion and their ability to drive absorption might therefore be expected to be 

replicated at least as effectively in humans where the absorption sink is effectively larger.   

 

Impact of initial supersaturation on drug flux  

To better understand the mechanistic drivers of the early periods of drug flux obtained with the 

rapidly precipitating Type IIIB-MC and Type IV formulations, a series of additional 

experiments were conducted and are shown in Figure 4 and Figure 5 respectively. It has been 

suggested that precipitated drug may re-dissolve more rapidly where precipitation occurs in a 

high energy crystal form or in the amorphous form 34 or when co-solvents such as those 

included in the formulation are present 35. As such, one possibility for the surprisingly robust 

initial fenofibrate flux seen with the Type IIIB-MC formulation, may have been due to re-

dissolution of drug from precipitated solid fenofibrate. Previous studies have shown that 

fenofibrate precipitates from LBFs such as those employed here in the crystalline form and so 

rapid re-dissolution due to in situ formation of the amorphous form is unlikely. However, it 
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remained possible that re-dissolution from a crystalline precipitate may have been responsible 

for the robust drug flux 23, 26, 36. To address this possibility the Type IIIB-MC formulation was 

allowed to disperse and digest and then the precipitate was removed prior to perfusion through 

the intestinal segment. Under these conditions the perfusate lacked solid drug and also lacked 

any supersaturation formed on LBF dispersion. Under these conditions absorptive drug flux 

was significantly reduced, as indicated in Figure 4B. 

To differentiate the effects of solid drug versus the effects of supersaturation, a second 

experiment was conducted where the Type IIIB-MC formulation was allowed to disperse and 

digest, and perfusion was delayed for 15 min. This experimental design allowed dispersion of 

the LBF to first generate, and then lose, all supersaturation prior to contact with the absorptive 

membrane (but to retain the presence of precipitated drug). Solubilised drug concentrations 

were similar to the apparent solubility of drug in the dispersed and digested LBF, and similar 

to the concentrations attained in the original perfusion over the 5-60 min period. Using this 

protocol, initial drug flux was again significantly reduced (shown in Figure 4B), suggesting 

that the relatively robust initial drug absorption pattern was driven by the transient period of 

drug solubilisation and supersaturation that occurred on formulation dispersion, rather than the 

presence of solid or precipitated drug (that was generated by dispersion and digestion of the 

Type IIIB-MC formulation). As described, this is consistent with the realisation that fenofibrate 

typically precipitates in the crystal form rather than the amorphous form 26, 36 and dissolution 

of crystalline fenofibrate is expected to be slow. 

To further explore the hypothesis that the high permeability of fenofibrate may be sufficient to 

allow reasonable initial absorptive drug flux, even in the presence of fleeting drug 

solubilisation and supersaturation, the Type IV formulation, where drug precipitation was 
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extremely rapid, was further investigated (Figure 5). At a drug load of 80% of saturated 

solubility, the Type IV formulation precipitated almost immediately on dilution (within the 

first 5 min sample time point) and absorption was generally low. As expected, precipitation 

was faster than that observed previously for the same formulation with a lower (35% saturated 

solubility) drug load (Figure 5A) 25, and comparison of the intestinal flux data obtained under 

the two conditions reveals lower drug flux (Figure 5B) at the higher drug load where 

precipitation was more rapid. Since precipitation was so rapid at the higher drug load, and the 

flux minimal, further investigations were performed using the Type IV formulation at the lower 

drug load (35% saturated solubility). To investigate whether the supersaturation generated 

during initial dispersion of the 35% saturation drug loaded Type IV formulation was enough 

to promote drug absorption, an experimental protocol analogous to that employed with the 

Type IIIB-MC formulation was employed. Thus the formulation was dispersed and digested 

and then perfused through the jejunum segment but only after a 15 min time delay, to allow 

supersaturation to decay and for drug to precipitate. Consistent with the data for the Type IIIB-

MC formulation this resulted in a significant drop in absorptive flux (seen in Figure 5B). Indeed 

absorptive flux dropped to levels similar to that obtained with the higher (80% saturation) drug 

load where precipitation was more rapid. The similarity in flux obtained was consistent with a 

lack of supersaturation in both cases, either because the drug load was sufficiently high that the 

drug precipitated immediately (the 80% saturation drug load condition), or because perfusion 

was intentionally delayed allowing precipitation to come to completion and for supersaturation 

to decay (the 35% saturation drug load condition). 

A second perfusion condition was employed with the Type IV formulation to evaluate whether 

the jejunum segment absorption sink was sufficiently sensitive to capture small changes in the 
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period of initial supersaturation and if so, to evaluate how important these initial 

supersaturation events were to drug flux. This was achieved by initiating perfusion at 1 min 

post dispersion of the Type IV formulation (i.e., in practical terms almost immediately). The 

flux data for this experimental condition showed enhanced flux compared to the other three 

conditions (shown in Figure 5B), confirming that changes in absorptive flux were highly 

sensitive to only small changes in initial supersaturation, and that only small amounts of initial 

supersaturation were able to drive significant increases in absorptive flux over periods of up to 

an hour.  
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Conclusion 

Previous studies have shown that drug supersaturation may occur during dispersion and 

digestion of LBFs 7, 10, 37, 38 and that this is also capable of increasing drug absorption when 

compared to systems that precipitate rapidly to concentrations consistent with drug solubility 

in the GI fluids plus digested formulation. The time period over which supersaturation is 

required, in order to enhance absorption, however, is less well understood, largely due to 

difficulties in correlating solubilisation, supersaturation and absorption over brief time scales. 

The in vitro digestion – in vivo absorption model allows real time correlation of changing 

solution conditions and absorptive flux during the dispersion and digestion of LBFs and has 

been employed here to better understand drug absorption from drug loaded LBFs. The data 

suggest that formulations that maintain drug at solubilised and supersaturated levels for 

prolonged periods of time robustly support absorption under almost all conditions (e.g., the 

Type IIIA-LC formulation). Formulations that retain solubilisation only briefly, but by virtue 

of rapid precipitation, also generate transient supersaturation (i.e., Type IIIB-MC and IV), may 

or may not support enhanced drug absorption depending on the timing of the supersaturation 

effects, the rate (and mass) of drug delivery and the surface area of the absorptive membrane. 

The work presented herein suggests that even a brief period of supersaturation may be 

sufficient to drive absorptive drug flux for periods of up to an hour. For highly lipophilic, highly 

permeable drugs like fenofibrate, therefore, rapid gastric emptying of solubilised formulation 

may be sufficient to allow good absorption even if drug precipitation is evident in vitro. Thus, 

drug absorption may proceed in a formulation independent manner assuming drug is initially 

solubilised, absorption is rapid and drug dose is moderate. This is consistent with several 

previous in vivo studies 23, 24. The data obtained here using longer perfusion periods and over 
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larger intestinal areas, however, suggest that where absorption continues over longer periods 

and over larger sections of the GI tract (as might be required, for example at high dose, or for 

less permeable drugs), the requirement for ongoing drug solubilisation re-emerges and the 

initial benefits of transient supersaturation are lost. 
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