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ABSTRACT 1 

 2 

The aim of this study was to evaluate the effect of lipid digestion on the permeability and absorption 3 

of orally administered saquinavir (SQV), a biopharmaceutics classification system (BCS) class IV drug, 4 

in different lipid based formulations. Three LBFs were prepared; a mixed short- and medium-chain 5 

lipid-based formulation (SMCF), a medium-chain lipid-based formulation (MCF) and a long-chain 6 

lipid-based formulation (LCF). SQV was loaded into these LBFs at 26.7 mg/g. To evaluate the 7 

pharmacokinetics of SQV in vivo, drug loaded formulations were pre-dispersed in purified water at 8 

3% w/w and orally administered to rats. A low dose (0.8 mg/rat) was employed to limit confounding 9 

effects on drug solubilisation and consistent with this design, pre-solubilisation of SQV in the LBFs 10 

did not increase in vivo exposure compared to a control suspension formulation. The areas under the 11 

plasma concentration-time curve were, however, significantly lower after administration of SQV as 12 

MCF and LCF compared to SMCF. To evaluate the key mechanisms underpining absorption, each 13 

LBF containing SQV was digested, and the flux of SQV from the digests across a dialysis membrane 14 

was evaluated in in vitro permeation experiments. This study revealed that the absorption profiles were 15 

driven by the free concentration of SQV and that this varied due to differences in SQV solubilisation 16 

in the digestion products generated by LBF digestion. The apparent first-order permeation rate 17 

constants of SQV (kapp, total) were estimated by dividing the flux of SQV in the dialysis membrane 18 

experiments by the concentration of total SQV on the donor side. kapp, total values strongly correlated 19 

with in vivo AUC. The data provide one of the first studies of the effect of digestion products on the 20 

free concentration of a drug in the GI fluid and oral absorption. This simple permeation model may be 21 

a useful tool for evaluation of the impact of lipid digestion on apparent drug permeability from lipid-22 

based formulations. These effects should be assessed alongside, and in addition to, the more well-23 

known effects of lipids on enhancing intestinal solubilisation of poorly water soluble drugs.  24 
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INTRODUCTION 1 

Lipid based formulations (LBFs) are one of the ways to overcome low solubility issues for orally 2 

administered drugs through pre-solubilisation of the drug in the formulation.1-3 After oral 3 

administration, LBFs form oil-in-water emulsions, microemulsions and micellar systems in the 4 

gastrointestinal (GI) fluids. These colloids are subsequently digested by gastric and pancreatic lipases,4, 5 
5 often leading to a decrease in drug solubilisation capacity of the LBF. These processes commonly 6 

also result in the generation of supersaturation, leading to improvements in drug absorption.6, 7 7 

Conversely, however, supersaturation also increases the risk of drug nucleation and precipitation 8 

processes that may limit drug absorption.8 9 

 10 

LBFs generally include lipids such as tri-, di and mono-glycerides with long- (C18), medium- (C8–11 

10) and short-chain (C4-6) fatty acids. Lipase is typically more active against medium- and short-chain 12 

lipids rather than long-chain triglyceride.9 Fatty acids, monoacylglycerides and diacylglycerides 13 

(typical digestion products) are liberated by the digestion of triglycerides or partial glycerides in LBFs. 14 

These form complex colloidal mixtures with endogenous bile salts and phospholipids resulting in the 15 

assembly of micelles and vesicles, which enhance the solubilisation of drugs (compared to normal 16 

intestinal fluid) and reduce the risk of precipitation. The effects of lipids on the solubilisation of poorly 17 

water soluble drugs are well understood and likely dominate, especially at high dose where solubility 18 

limitations are greatest. However, the solubilisation of poorly water soluble drugs in complex colloidal 19 

mixtures also changes thermodynamic activity and therefore the concentration of drug in free solution 20 

available for permeation across the intestinal membrane.10, 11 These aspects have been less broadly 21 

studied and are the focus of the current evaluation.  22 

 23 

During the digestion of lipid-based vehicles, drugs solubilised in the oil phase (OP) are transferred to 24 

the aqueous colloidal phase (AP) where they exist in equilibrium with the drug in free solution that is 25 

ultimately absorbed.6, 7 As colloidal structures change depending on the composition of LBFs and the 26 

activity of intestinal lipases, the phase distribution of drugs in the GI fluid also differs. This drives 27 

differences in solubilisation and precipitation, and also alters thermodynamic activity, free 28 

concentration and the availability of drug for permeation across the absorptive membrane. Collectively 29 

these changes to solubilisation and permeability dictate changes to absorption. An understanding of 30 

the fate of drugs during LBF digestion and the impact of this on oral absorption is therefore necessary 31 

in order to select appropriate excipients for designing optimized LBFs. 32 

 33 
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In vitro digestion studies have been widely used to model the behavior of LBFs in the GI tract by 1 

mimicking the digestion process using intestinal components such as bile salt, lecithin and lipase 2 

enzymes.6, 12, 13 However, most of these studies focus only on patterns of solubilisation and lack an 3 

absorption sink. This precludes estimates of effects on permeability and this can lead to problems with 4 

prediction of oral absorption from LBFs for some drugs.6 In an attempt to overcome the issues of the 5 

lack of a sink condition, modified in vitro digestion experiments have been performed either by 6 

coupling the in vitro digest to an in situ intestinal perfusion experiment3, 14 or to in vitro membrane or 7 

cell culture measurements15-18. For example, Suys et al have shown improved correlation of the 8 

absorption of fenofibrate and saquinavir from lipid based formulations when assessed using a coupled 9 

in vitro digestion-in situ perfusion model.3 Similarly, Keemink et al. have developed an in vitro 10 

digestion/permeation model using Caco-2 monolayers as an absorptive membrane, and have shown 11 

improved correlations of the in vitro data with results of in vivo exposure after oral administration of 12 

fenofibrate-loaded LBFs.15 Falavigna et al. have also reported successful correlation between data 13 

obtained using an in vitro digestion model combined with an artificial membrane and in vivo absorption 14 

for fenofibrate-loaded LBFs.19 These data show that an improved understanding of the drivers of 15 

absorption/permeation of drugs from lipid based formulations is required to better predict formulation 16 

performance.  17 

 18 

In the current study, we sought to evaluate the effects of LBFs (and LBF digestion) on the intestinal 19 

permeability of saquinavir using different lipid-based formulations containing tri-, di and mono-20 

glycerides with various fatty acid chain lengths. The formulations were loaded with saquinavir (SQV), 21 

a model biopharmaceutics classification system (BCS) class IV drug and differences in systemic 22 

exposure examined after oral administration to rats. Studies were conducted at a relatively low SQV 23 

dose such that solubilisation was not a major limitation to absorption. This allowed focus to be directed 24 

towards effects on permeability and for data interpretation not to be complicated by competing effects 25 

on solubilisation and permeability. Subsequently, a series of in vitro permeation studies was conducted 26 

using a simple dialysis membrane and pre-digested LBF, in an attempt to evaluate whether the effect 27 

of LBF composition on drug absorption could be related to differences in drug thermodynamic activity 28 

in the colloidal species formed on LBF digestion. The data conform these suggestions and show good 29 

correlation between in vitro permeability measurements and in vivo exposure and reasonable 30 

consistency with simple measures of supersaturation during in vitro digestion experiments.  31 

  32 
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MATERIALS AND METHODS 1 

Materials 2 

Saquinavir (SQV) was purchased from LGM pharma (Erlanger, KY, USA). Tributyrin, a short-chain 3 

triglyceride, 4-bromophenylboronic acid (4-BPB) and egg-lecithin were purchased from Tokyo 4 

Chemical Industry Co., Ltd. (Tokyo, Japan). Captex 300, a medium-chain triglyceride, and Capmul 5 

MCM C8 EP/NF, a medium-chain mono- and di-glyceride, were obtained from Abitec Corporation 6 

(Columbus, OH, USA). Corn oil, a long-chain triglyceride, and sodium taurocholate (NaTC) were 7 

purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Maisine CC, a long-8 

chain mono- and diglyceride, was obtained from Gattefossé (Lyon, France). Porcine pancreatin extract 9 

(P7545, 8×USP specifications activity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All 10 

other reagents were of analytical grade. 11 

 12 

Preparation of various LBFs loaded with SQV 13 

Tributyrin and Capmul MCM C8 EP/NF were mixed at a ratio of 85:15 (w/w) for the preparation of 14 

the short- and medium-chain lipid-based formulation (SMCF). Captex 300 and Capmul MCM C8 15 

EP/NF, and corn oil and Maisine CC were mixed at a ratio of 50:50 (w/w) to produce the medium-16 

chain lipid-based formulation (MCF) and long-chain lipid-based formulation (LCF), respectively. To 17 

determine SQV solubility in the formulations, 0.25 g of each formulation was added to a 1.5 mL plastic 18 

tube containing an excess of SQV (20-30 mg). The samples were vortexed, and shaken at 37°C for 8 19 

days on a Reciprocal Shaker (RS-301D, Scinics Corporation, Tokyo, Japan) within an incubator (I-20 

cover, AS ONE Corporation, Osaka, Japan). The samples were centrifuged at 15,100 × g (FLD2012, 21 

AS ONE Corporation, Osaka, Japan) for 10 min, and the supernatant (10 mg) was taken at designated 22 

time points. The supernatant was dissolved in 1 mL of chloroform:methanol (2:1 v/v) and further 23 

diluted 100-400 fold with methanol. An internal standard (IS) solution of ritonavir (1 µg/mL in 50 % 24 

methanol) was added to the final samples at 1:1 v/v for LC-MS/MS analysis. Equilibrium solubility 25 

was defined as the value obtained when two consecutive solubility values differed by less than 5%. 26 

Once the equilibrium solubility of SQV in the LBFs was obtained, SQV was loaded into SMCF, MCF 27 

and LCF at a fixed concentration of 26.7 mg/g (81.5, 32.7 and 96.7 % w/w of the solubility of SQV, 28 

respectively). The concentration loaded was determined both by the desire to keep the SQV dose 29 

relatively low and therefore to minimize differential effects on solubilisation/precipitation, and also by 30 

the limiting solubility of SQV in LCF. The LBF composition, solubility data and drug mass loaded 31 

into the LBFs are summarized in Table 1. 32 
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 1 

In vivo oral absorption study of SQV 2 

Animals 3 

All animal experiments were approved by the Animal Experimentation Ethics Committee of the 4 

Hiroshima International University (Approval number: AE20-010). Sprague Dawley male rats were 5 

purchased from Japan SLC (Hamamatsu, Japan). Rats weighing 223-265 g were fasted overnight with 6 

free access to water ad libitum prior to the animal studies. 7 

 8 

Preparation of formulations 9 

SMCF, MCF or LCF containing SQV at 26.7 mg/g were pre-dispersed in distilled water at 3% (w/w) 10 

before oral administration. The concentrations of SQV were therefore 0.8 mg/mL in all dispersed 11 

formulations. 1 mL of dispersed formulation was administered producing a dose of 0.8 mg. SQV 12 

suspended in 0.5% (w/v) methylcellulose solution at 0.8 mg/mL was employed as a reference 13 

formulation. 14 

 15 

Measurement of plasma concentration-time profiles of SQV after oral administration of various 16 

formulations 17 

A small incision was made just above the left femoral artery of anaesthetized rats. The vessel was 18 

isolated and cannulated using 0.96 × 0.58 mm (o.d. × i.d) polyethylene tubing filled with 20 IU heparin 19 

in saline. After recovery from anaesthesia, the suspension and pre-dispersed formulations (1 mL) were 20 

administered by oral gavage to the rats. The dose of SQV was 0.8 mg/rat for all administration groups. 21 

After administration, the rats were restrained in Bollman cages (KN-326-2, Natsume Seisakusho Co., 22 

Ltd., Tokyo, Japan) during the experiments. Blood samples (approximately 100 µL) were obtained 23 

from the femoral artery cannula at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7 h after administration. Blood samples 24 
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were centrifuged at 5,400 × g for 5 min (FLD2012, AS ONE Corporation, Osaka, Japan) to obtain 1 

plasma. 50 µL of IS solution (ritonavir, 25 ng/mL in methanol) and 50 µL of methanol was added to 2 

50 µL of plasma samples. Precipitated plasma proteins were separated by centrifugation at 15,100 × g 3 

for 10 min (FLD2012, AS ONE Corporation, Osaka, Japan). SQV concentrations in the supernatant 4 

were determined by LC-MS/MS as described below. 5 

 6 

Phase distribution of SQV during in vitro digestion 7 

In vitro digestion experiments were conducted using a pH-stat titration unit (AT-710 equipped with 8 

main control unit MCU-710, Kyoto Electronics Manufacturing Co., Ltd., Kyoto, Japan). In this model, 9 

LBFs are digested in model intestinal fluid by adding pancreatic lipase enzymes.6 After centrifugation, 10 

digested samples are separated into undigested OP, AP, and a pellet phase (PP), where drug 11 

concentrations in the AP are employed as a surrogate for drug dissolution and therefore the likelihood 12 

of oral absorption. 13 

 14 

In the present study, each LBF (0.45 g) was weighed directly into a thermostated reaction vessel 15 

(MTA-118-5, Kyoto Electronics Manufacturing Co., Ltd., Kyoto, Japan) and dispersed in 13.5 mL of 16 

lipolysis buffer (a model rat intestinal fluid) containing 2 mM Tris maleate, 1.4 mM CaCl2・H2O, 150 17 

mM NaCl, 50 mM NaTC and 3.7 mM egg-lecithin, adjusted to pH 6.5 with NaOH. The solution was 18 

stirred using a magnetic stirrer (length: 3 cm) at 450 rpm at 37oC. The concentrations of NaTC and 19 

egg-lecithin in the lipolysis buffer were employed based on in vivo values previously determined in 20 

the fluid of the rat upper small intestine.20 After 10 min dispersion, digestion was subsequently initiated 21 

by addition of 1.5 mL of pancreatin extract [equivalent to 10,000 tributyrin units TBU/mL in the extract, 22 

providing 1000 TBU/mL in the digest]. The initial SQV concentration in the vessel was 0.8 mg/mL 23 

for all formulations, which was equivalent to the dosing concentration in the animal study. Thereafter, 24 

2 M NaOH (for SMCF and MCF), and 0.6 M NaOH (for LCF) were automatically added to the digest 25 

to titrate fatty acids liberated from the digestion of LBFs to maintain constant pH (6.5). 26 

 27 

During digestion of SMCF and MCF, 1 mL and 3 mL aliquots were taken at 15 and 30 min from the 28 

reaction vessel, and the samples were immediately treated with 0.5 M 4-BPB, a lipase inhibitor, in 29 

methanol at 5 µL/mL to halt further digestion. Three milliliters of the samples collected at 15 and 30 30 

min (all phases were included in the samples) was used as a donor solution for the in vitro permeation 31 

study (see “In vitro permeation study”). One milliliter of the samples was centrifuged at 15,100 × g 32 

(FLD2012, AS ONE Corporation, Osaka, Japan) for 5 min to separate AP and PP (as the digestion of 33 
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SMCF and MCF was very rapid, OP was not observed in the samples). The AP was diluted 400-fold 1 

with 50% methanol. SQV in the PP was completely solubilized with 1 mL dimethyl sulfoxide, and 2 

further diluted 10-fold with 50% methanol. 3 

For LCF, 4.8 and 3 mL aliquots were taken at 15 min from the reaction vessel. The samples were 4 

immediately treated with 0.5 M 4-BPB to halt further digestion. Because of limited volume (15 mL) 5 

for sampling, the experiment was conducted again to collect 4.8 and 3 mL of digestion samples at 30 6 

min. As described for SMCF and MCF, 3 mL of the LCF digest (all phases were included in the 7 

samples) was also used as a donor solution for an in vitro permeation study (see “In vitro permeation 8 

study”). Since the LCF digests also generated an OP, samples (4.8 mL) were also added to polyamide 9 

tubes (Koki Holdings Co., Ltd., Tokyo, Japan), and ultracentrifuged (350,000 × g, 37 °C, CP 70MX, 10 

P65ST swinging rotor, Koki Holdings Co., Ltd., Tokyo, Japan) for 30 min to separate into three phases 11 

(OP, AP, and PP). The OP was carefully aspirated using a 1 ml syringe and 23G needle and transferred 12 

to a 10 mL volumetric flask. This was made up to volume with chloroform–methanol (2:1 v/v). The 13 

OP sample was further diluted 400-fold with methanol. The remaining AP was collected from the 14 

centrifuge tube using a 5 ml syringe and 23G needle and diluted 200-fold with 50% methanol. 15 

Thereafter, the tube was cut just above the level of the PP at the bottom of the tube, and the PP was 16 

collected into a glass vial. SQV in the PP was completely dissolved with 10 mL methanol, and further 17 

diluted 10-fold with 50% (v/v) methanol. IS solution (1 µg/mL ritonavir in 50 % methanol) was added 18 

to the final samples at 1:1 v/v to quantify the mass of drug by LC-MS/MS. 19 

 20 

Phase distribution of SQV during in vitro dispersion 21 

LBFs (0.45 g) containing drug at 26.7 mg/g were dispersed in 15 mL of lipolysis buffer (but in this 22 

case digestion was not initiated by addition of pancreatin), and 4.8 and 3 mL aliquots were collected 23 

from the dispersion vessel at 15 min. Three milliliters of the dispersion samples (all phases were 24 

included in the samples) was used as a donor solution for in vitro permeation studies (see “In vitro 25 

permeation study”). Samples (4.8 mL) were ultracentrifuged (350,000 × g, 37 °C, CP 70MX, P65ST 26 

swinging rotor, Koki Holdings Co., Ltd., Tokyo, Japan) for 30 min to separate the digest into OP, AP, 27 

and PP. For MCF and LCF, the samples were processed using the sample processing conditions 28 

described above for in vitro digestion of LCF formulations in “Phase distribution of SQV during in 29 

vitro digestion”. Thereafter, the mass of SQV in each phase was determined by LC-MS/MS. For SMCF, 30 

as the OP settled to the bottom of the tube after ultracentrifugation, due to the higher density of 31 

tributyrin, only AP was collected, and the mass of SQV in the OP was calculated by subtracting the 32 

mass of SQV in the AP from the total mass (PP was not observed for SMCF dispersion samples). 33 
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 1 

Calculation of supersaturation ratio (SR) and maximum SR (SRM) 2 

Blank LBFs (containing no drug) were dispersed and digested under the same experimental condition 3 

as described above in “Phase distribution of SQV during in vitro dispersion” and “Phase distribution 4 

of SQV during in vitro digestion”. Dispersion samples (4.8 mL) were collected from the reaction vessel 5 

at 15 min and ultracentrifuged to obtain drug-free AP. Digestion samples were taken at 15 and 30 min, 6 

and centrifuged for SMCF and MCF samples, and ultracentrifuged for LCF samples to obtain drug-7 

free AP. The obtained AP (0.3 mL) was then transferred into a plastic tube that contained excess 8 

crystalline SQV (1 mg). The tubes were vortexed and incubated at 37°C for 24 h. After 24 h the 9 

mixtures were centrifuged at 15,100 × g (FLD2012, AS ONE Corporation, Osaka, Japan) for 10 min 10 

to sediment undissolved drug, and the supernatant was diluted 400-fold with 50 % methanol. Finally, 11 

IS solution (1 µg/mL ritonavir in 50 % methanol) was added to the samples at 1:1 v/v to quantify the 12 

mass of drug by LC-MS/MS. 13 

 14 

The solubility values of SQV in the AP were used to calculate the SR and maximum SRM using the 15 

following equation as previously described:5,21 16 

 17 

SR = solubilised concentration of SQV in the AP during dispersion or digestion / SQV solubility in 18 

blank AP obtained at the same timepoint 19 

 20 

The maximum SR (SRM) is the ratio between theoretical maximum concentration of SQV in the AP 21 

(APMAX; the total quantity of SQV in the LBF introduced into the digestion vessel/the volume of 22 

lipolysis buffer in the digestion vessel) and SQV solubility in the corresponding AP, i.e. 23 

 24 

SRM = APMAX / SQV solubility in AP 25 

 26 

Solubility measurement of SQV in the lipolysis buffer 27 

To determine equilibrium solubility of SQV in the lipolysis buffer, SQV was suspended in the lipolysis 28 

buffer at 0.8 mg/mL, and stirred with magnetic stirrer at 37oC for 24 h within the incubator (I-cover, 29 

AS ONE Corporation, Osaka, Japan). Then, the suspension was centrifuged at 15,100 × g (FLD2012, 30 

AS ONE Corporation, Osaka, Japan) for 10 min, and the supernatant was diluted 400-fold with 50 % 31 

methanol. The samples were then mixed with IS solution (1 µg/mL ritonavir in 50 % methanol) at 1:1 32 

v/v prior to assay by LC-MS/MS. 33 
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 1 

Permeation of SQV across dialysis membrane from dispersion and digest samples 2 

In vitro permeation study 3 

A commercial diffusion chamber (5G-00-00-09-3.4, PermeGear, Inc., Pennsylvania, USA) was used 4 

for the in vitro permeation study. A dialysis membrane with a molecular weight cut-off of > 1000 Da 5 

(Spectrum Laboratories, Inc., California, USA) was mounted between the chambers. NaTC solution 6 

(50 mM, pH 6.5, 2.7 mL) was added in the acceptor side. The composition of the NaTC solution was 7 

the same as that of the lipolysis buffer used for the dispersion/digestion study, with the exception that 8 

egg-lecithin was not added to avoid stability problems on storage. The lack of lecithin in the acceptor 9 

side was not considered material since this only served to provide a sink. Then, donor solutions (2.7 10 

mL) obtained from the in vitro dispersion and digestion study were transferred into the donor side of 11 

the chamber. The suspension (0.8 mg/mL) was prepared by stirring SQV powder in lipolysis buffer 12 

overnight (Thus, the suspension was equilibrated), and was also examined as a control. The solutions 13 

in both sides of the dialysis membrane were agitated at 450 rpm using magnetic stirrers. At time 14 

intervals of 10, 20, 30, 40, 50, 60 and 70 min, samples (50 µL) were taken from the acceptor side, and 15 

then mixed with IS solution (1 µg/mL ritonavir in 50 % methanol) at 1:1 v/v for LC-MS/MS analysis. 16 

 17 

Estimation of apparent permeation rate constant 18 

The flux of SQV (µg・mL-1・min-1) across the dialysis membrane was calculated from the slope of 19 

the regression line of the concentration-time profile of SQV on the acceptor side. The apparent first-20 

order permeation rate constants of SQV (kapp, solubilised) was estimated by dividing the flux of SQV by 21 

the initial concentration (µg/mL) of solubilized SQV in AP and OP (if any) on the donor side as 22 

follows: 23 

 24 

kapp, solubilised = the flux of SQV on acceptor side (µg・mL-1・min-1) /solubilised concentration of SQV 25 

[AP+OP(if any)] on the donor side (µg/mL) 26 

 27 

Because only free drug is available for permeation across the dialysis membrane, the kapp, solubilised of 28 

drugs can be expressed as 29 

 30 

kapp, solubilised = f・kfree 31 

 32 

Where kfree is the permeation rate constant of free drug, and f is the free fraction of drug in solution. 33 
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The kfree value should be independent of the presence of solubilized species and thus the difference in 1 

kapp, solubilised values should reflects the difference in the free fraction.22 2 

In addition, the flux of SQV was divided by the initial concentration (µg/mL) of total SQV in PP, AP 3 

and OP (if any) on the donor side to estimate the apparent first-order permeation rate constants of SQV 4 

(kapp, total) which reflect total flux of SQV from all phases, and this parameter was used to generate a 5 

series of correlations with in vivo exposures or SR values. 6 

 7 

kapp, total = the flux of SQV on acceptor side (µg・mL-1・min-1) /total concentration of SQV [PP 8 

+AP+OP(if any)] on the donor side (µg/mL) 9 

 10 

Quantification of drugs in samples 11 

SQV in various samples was analyzed using a Shimadzu 8040 UHPLC triple quadruple mass 12 

spectrometer (UHPLC-MS/MS, Shimadzu, Kyoto, Japan). The mass spectrometer was operated in the 13 

positive ion mode. The mobile phase (10 mM ammonium formate containing 0.1% formic acid in 14 

Milli-Q water and methanol at the ratio of 35:65 v/v) flowed at 0.3 mL/min. SQV and ritonavir (IS) 15 

were separated using a Phenomenex Kinetex C18 column (50 × 2.1 mm, 2.6 μm, CA, USA) at 40 °C. 16 

Quantitation was performed with multiple reaction monitoring of the transitions of m/z 671.3>570.2 17 

for SQV, 721.1>296.2 for ritonavir. 18 

For SQV standards, 50 µL of SQV in 50 % methanol (0.01–2.5 µg/mL) and 50 µL of ritonavir in 50 % 19 

methanol (1 µg/mL) were mixed, providing SQV concentrations in the range of 0.005–1.25 µg/mL. 20 

Inter-assay variability was accurate to 108.0, 104.4, and 98.6% and precise to 8.3, 3.1, and 1.5% at low 21 

(0.005 µg/mL), medium (0.25 µg/mL), and high (1.25 µg/mL) concentrations of quality control 22 

standards (n=6), respectively. 23 

For standards for plasma samples, 50 µL of SQV in methanol (1–50 ng/mL) and 50 µL of ritonavir in 24 

methanol (25 ng/mL) were mixed with 50 µL of blank plasma. Plasma proteins were precipitated at 25 

this time. After centrifugation to remove precipitated protein, the resulting supernatants were used as 26 

standards, providing SQV concentrations in the range of 0.33–16.7 ng/mL. The assay was validated at 27 

low (0.33 ng/mL), medium (3.33 ng/mL), and high (16.7 ng/mL) concentrations of replicate quality 28 

control standards (n=6). Assays were accurate and precise to within ±10% (± 15% at the LLOQ). 29 

 30 

Statistical analysis 31 

Statistically significant differences were determined by one-way ANOVA followed by Tukey’s 32 

multiple comparisons test using EZR (versioin 1.42, Saitama Medical Center, Jichi Medical University, 33 
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Saitama, Japan)23, which is a graphical user interface for R (The R Foundation for Statistical 1 

Computing, Vienna, Austria). P-values of 0.05 or less were considered to be statistically significant. 2 

  3 
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RESULTS 1 

In vivo oral absorption study of SQV 2 

Plasma concentration-time profiles after oral administration of SQV (0.8 mg/rat) in the various 3 

formulations are presented in Fig. 1, and the PK parameters are summarized in Table 2. It has been 4 

reported previously that double peaks are often observed in plasma profiles after oral administration 5 

of SQV.24, 25 In the present study, the same phenomenon was observed for all formulations (Fig. 1). 6 

The first maximum concentration (Cmax) in LCF (5.8 ± 4.6 ng/mL) was ~ 7.2-times lower than that in 7 

SMCF (41.9 ± 18.2 ng/mL) (p < 0.05). Although the difference was not statistically significant, the 8 

first Cmax in MCF was also 2.5-times lower compared to that after administration of SMCF (Table 2). 9 

In contrast, the second Cmax values were similar regardless of the formulations (Table 2). From these 10 

results, it is apparent that the compositions of the formulations mainly affect drug exposure in the first 11 

phase of the plasma concentration-time profiles (0 to 1.5 h), and not in the second phase (1.5 to 7 h). 12 

Thus, in addition to the area under the plasma concentration-time curve from 0 to 7 h (AUC0–7h), AUC 13 

from 0 to 1.5 h (AUC0–1.5h) was also estimated to better reflect initial absorption events (Table 2). When 14 

SQV was administered as LCF, the AUC0–1.5h (3.8 ± 2.5 ng*h/mL) was significantly lower than those 15 

in suspension (18.7 ± 9.1 ng*h/mL) and SMCF (20.9 ± 7.3 ng*h/mL). For MCF, the AUC0–1.5h was 16 

significantly lower (7.6 ± 2.8 ng*h/mL) than that obtained after administration of SMCF. The oral 17 
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absorption of SQV was thus greatly influenced by the compositions of the formulation.  1 

 2 

 3 

In vitro dispersion study 4 

To investigate the reason for the different oral absorption profiles in vivo, an in vitro dispersion study 5 
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for SMCF, MCF and LCF was first carried out to evaluate whether marked differences in drug 1 

solubilisation on dispersion were apparent (Fig. 2).  2 

 3 

As expected at this low dose, no precipitation occurred during in vitro dispersion, and phase 4 

distribution was almost identical for all formulations. A summary of measured SQV concentrations, 5 

SQV solubility in AP, and calculated values for SR and SRM for the in vitro dispersion study are 6 

presented in Table 3. For MCF, the solubility of SQV in the AP (576.8 ± 58.4 µg/mL) was higher than 7 

that in SMCF (416.3 ± 55.4 µg/mL) and LCF (475.2 ± 37.9 µg/mL) (although differences were not 8 

statistically significant for LCF). As such values for SR and SRM were slightly lower than those in 9 

SMCF and LCF. However, in all cases the concentration in the AP was lower than the solubility limit, 10 

precipitation was not observed and thus SR<1 and did not vary significantly. The differences in the 11 

absorption profiles observed in vivo are therefore not explained by the results of the dispersion study. 12 

Note that SRM values are higher than 1 since these reflect the theoretical scenario should all drug be 13 

present in the AP. In the presence of the OP, however, drug partitions between OP and AP and therefore 14 

SQV concentration in AP are lower (and SR<SRM).  15 

 16 

In vitro digestion study 17 

An in vitro digestion study was subsequently conducted to model the expected phase distribution of 18 

SQV in the GI tract (Fig. 3). Measured SQV concentrations, SQV solubility in blank AP and calculated 19 

SR and SRM values are summarized in Table 4. Again, precipitation was relatively low. For SMCF, 20 

28.1 ± 1.2% and 21.9 ± 2.7% of SQV was present in the PP at 15 and 30 min, respectively (Fig. 3). 21 

The SRM at 15 and 30 min was 1.93 and 1.77 respectively (Table 4), resulting in moderate precipitation. 22 

The SR dropped to ~ 1 after precipitation. However, most of SQV remained solubilized through the 23 
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period of digestion. For MCF, although 98.8 ± 0.37% of SQV was solubilised at 15 min, precipitation 1 

increased to 15.3 ± 0.37% at 30 min, presumably due to a reduction in solubilisation capacity of MCF 2 

by lipid digestion. In contrast, no precipitation occurred during LCF digestion, and most of SQV was 3 

present in OP (84.2 ± 2.4% at 15 min and 83.5 ± 1.0% at 30 min) reflecting the slow digestion rate of 4 

the long-chain lipid formulation. Under these circumstances, the concentration of SQV in the AP for 5 

LCF was significantly lower (100.5 ± 7.1 µg/mL at 15 min and 131.0 ± 3.6 µg/mL at 30 min) compared 6 

to those for SMCF (473.2 ± 68.8 µg/mL at 15 min and 533.0 ± 34.8 µg/mL at 30 min) and MCF (690.8 7 

± 72.5 µg/mL at 15 min and 635.6 ± 41.3 µg/mL at 30 min) (Table 4). The solubility of SQV in AP 8 

increased compared to that in lipolysis buffer alone (264.2 ± 8.6 µg/mL) depending on solubilisation 9 

capacity of the different digestion products formed. For all formulations, as most of the SQV (>75%) 10 

was solubilised throughout digestion, it seems unlikely that precipitation of SQV during formulation 11 

digestion was the main reason for the different absorption profiles in vivo. In contrast however, 12 

significant differences in supersaturation in the colloids obtained during formulation digestion were 13 

evident. These observations stimulated subsequent studies to examine whether differences in 14 

supersaturation (thermodynamic activity) resulted in differences in free concentration and therefore 15 

effective permeability. 16 

 17 
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 1 

In vitro permeation study 2 

An in vitro permeation study was conducted to evaluate the effect of dispersion and digestion of LBFs 3 

on drug permeation across a dialysis membrane. The mass/volume concentration-time profiles of SQV 4 

on the acceptor side are presented in Fig. 4. The result from the suspension (a reference formulation) 5 

is also presented together with the respective figures for SMCF, MCF and LCF. Regardless of the 6 

donor solutions, the drug concentrations in the acceptor side increased in a linear manner with time, 7 

indicating that sink conditions were maintained during experiments. kapp, solubilised was first calculated 8 

from the ratio of the flux of SQV across the dialysis membrane to the solubilized SQV concentration 9 

on the donor side (Fig. 5A). In this case the solubilized SQV concentration reflects SQV that is either 10 

solubilized in the AP colloids or OP or is in free solution. The kapp, solubilised for the suspension was 5.20 11 

± 0.24 ×10-5 min-1 (the solubilized concentration in the lipolysis buffer was 264.2 ± 8.6 µg/mL). Under 12 

dispersion conditions (ie prior to initiation of digestion), the kapp, solubilised value decreased similarly to 13 

1.04 ± 0.054, 1.09 ± 0.15 and 1.13 ± 0.26 ×10-5 min-1 for dispersions of SMCF, MCF and LCF, 14 

respectively. This likely reflects the fact that on dispersion of the LBFs SQV partitioned similarly 15 

between the AP and OP in all cases (Fig. 2), leading to similar reductions in the free concentration of 16 

SQV. 17 

 18 
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In contrast, under digestion conditions, kapp, solubilised values were significantly different depending on 1 

the formulations. Thus, kapp, solubilised was highest for SMCF (2.32 ± 0.27 and 2.65 ± 0.20 × 10-5 min-1 2 

at 15 and 30 min, respectively) > MCF (0.43 ± 0.044 and 0.85 ± 0.017 × 10-5 min-1 at 15 and 30 min, 3 

respectively) > LCF (0.14 ± 0.026 and 0.12 ± 0.14 × 10-5 min-1 at 15 and 30 min, respectively). The 4 

data suggest that the free fraction of SQV in the digests varied depending on the digestion products 5 

liberated from LBFs with different compositions. Importantly, the rank-order of differences in kapp, 6 

solubilised was consistent with that of plasma exposure in vivo (Fig. 1 and Table 2) suggesting that 7 

differences in apparent permeability were dictating oral exposure under the current (low dose) 8 

conditions. 9 

 10 

The flux of SQV estimated in the in vitro permeation experiments (Fig. 4) were also divided by total 11 

SQV concentrations on donor side to estimate kapp, total (Fig. 5B). This parameter reflects the practical 12 

kapp in the presence of all phases (AP, OP and PP) rather than the intrinsic kapp from the solubilised 13 

phase [AP and OP (if any)]. Thus, kapp, total values from the donor solutions that contained solid SQV 14 

decreased compared to the corresponding kapp, solubilised values. This is particularly apparent for the 15 

suspension. Conversely, kapp, total was almost unchanged for the dispersions and the LCF digest that did 16 

not exhibit any precipitation of SQV during dispersion/digestion. 17 

  18 
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DISCUSSION 1 
 2 
LBF show great promise for the enhancement of oral bioavailability for BCS class II and IV drugs. 3 
Identification of the most preferred formulation, however, is complicated by the fact that LBFs impact 4 
drug absorption via several mechanisms. Detailed studies are therefore required to deconvolute which 5 
absorption process is impacted by which excipient.26 In the current study, LBFs with different 6 
compositions were prepared, and the excipient effect on drug absorption was examined using a model 7 
BCS class IV drug (SQV). Here, the drug dose was kept low in order to focus attention on the role of 8 
thermodynamic activity and the potential impact on effective drug permeability.  9 
 10 
Initial experiments were undertaken to evaluate whether different LBF resulted in differences in oral 11 
bioavailability of SQV. As expected at the low dose administered (and therefore where solubility was 12 
expected to play a lower role), in vivo AUC0-1.5 h (timescales truncated to exclude 2nd peak in plasma 13 
profile) after formulation as a LBF was not greater than that obtained from a suspension formulation 14 
(Fig. 1 and Table 2). However, significant differences were apparent across the three different LBF and 15 
the rank order of formulation performance was SMCF ~ suspension > MCF > LCF administration 16 
(although the AUC0-1.5 h for MCF was not statistically different from suspension and LCF). In vitro 17 
dispersion and digestion experiments also confirmed that drug precipitation was absent on formulation 18 
dispersion and limited on formulation digestion, effectively removing simple solubilisation events as 19 
a driver of differences in absorption. However, the generation of different colloidal structures on 20 
formulation digestion did lead to differences in supersaturation and therefore thermodynamic activity 21 
allowing a more detailed evaluation of whether these effects would translate into differences in 22 
absorptive drug flux.    23 
 24 
To evaluate the impact of digestion of formulation components on effective drug permeability, in vitro 25 
permeation studies were conducted using a simple dialysis membrane. The kapp calculated either as a 26 
function of total drug concentration in the donor (AP + OP (if any) + PP) (kapp, total) or as a function of 27 
drug concentration solubilized only in the AP and OP (if any) (kapp, solubilised) was subsequently 28 
calculated as an indicator of changes to the free concentration of SQV during digestion of LBFs. The 29 
kapp, values decreased in the order of suspension > SMCF > MCF > LCF, consistent with that of the 30 
AUC0-1.5 h values in vivo. The data therefore suggest that in general, the decrease in in vivo oral 31 
absorption (relative to the suspension formulation) was caused by a decrease in the free concentration 32 
of SQV that is present in equilibrium with the solubilized reservoir after LBF digestion.  33 
 34 
Tomaru et al. previously evaluated the effect of cremophor EL (a surfactant) on the oral absorption of 35 
SQV in healthy volunteers.27 When SQV was orally administered with 720 mg of cremophor EL, the 36 
Cmax and AUC were significantly decreased compared to the control. Consistent with the data reported 37 
here using equilibrium dialysis experiments, they concluded that SQV was incorporated into 38 
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cremophor micelles, and the decrease in free concentration of SQV in the GI tract resulted in reduced 1 
oral absorption.  2 
 3 

The different free concentrations of SQV in the digests examined here are a function of the colloidal 4 

structures formed by lipid digestion, the incorporation of those lipids into bile salt/phospholipid 5 

micelles secreted into the GI tract and the impact of these changes on SQV 6 

solubilisation/supersaturation. The quantity of fatty acids released after 30 min digestion of SMCF, 7 

MCF and LCF (as calculated from the titrated volume of NaOH) were 0.16, 0.077 and 0.024 mol/L, 8 

respectively. The major fatty acids present were expected to be butyric acid (from tributyrin), octanoic 9 

acid (from Captex 300 and Capmul MCM C8 EP/NF)28, 29 and linoleic acid (from corn oil and 10 

Maisine)30 for SMCF, MCF and LCF respectively. In spite of the larger quantity of short and medium 11 

chain fatty acids released, however, they had a smaller impact on the solubilizing capacity of the AP 12 

generated. Thus, SQV solubility in the AP generated by 30 min digestion of SMCF, MCF and LCF 13 

was 451.7 ± 16.6, 700.3 ± 33.4 and 736.6±75.1 µg/mL, respectively (Table 4). This likely reflects the 14 

relatively low ability of the (more water soluble) shorter chain fatty acids to swell the solubilizing 15 

capacity of the bile salt micelles. It may also reflect the higher critical micelle concentration of butyric 16 

acid (1.2-1.82 mol/L)31 when compared to octanoic acid (0.008-0.14 mol/L)31 and linoleic acid (0.6×17 

10-4 mol/L)32. These changes to the solubilizing capacity of the intestinal fluids result in changes to the 18 

degree of solubilisation and supersaturation of SQV in the different systems.  19 

 20 

On dispersion, levels of (super)saturation were relatively consistent and ~ 0.6-0.7 for all formulation. 21 

However, stimulation of digestion resulted in increases in solubilisation capacity for the intestinal 22 

colloids for LCF and therefore decreases in supersaturation. This effect was magnified by sequestration 23 

of SQV into the oil phase that was also present. In contrast, in the case of SMCF and MCF, 24 

supersaturation increased. There is one caveat to the current analysis and that is that the extent of 25 

absorption of colloidal components (other than drug) is limited in the in vitro permeability model 26 

employed here. In contrast in vivo, bile salts and lipids are absorbed, often via active transport 27 

processes, and this will alter the nature of the colloids in the intestine. For example, previous studies 28 

have shown that lipid absorption from intestinal colloids can promote drug supersaturation in the 29 

residual colloidal species and enhance drug absoprtion.7 30 

 31 

To probe the relationship between in vivo absorption and effective permeability and supersaturation in 32 

more detail a series of correlation plots were generated. The first approach was to map correlations 33 



24 
 

between in vivo absorption (Table 2) and kapp, total (Fig. 5B), the latter obtained from the regression line 1 

of the drug concentration-time profiles from in vitro permeation experiments (Fig. 4) divided by total 2 

SQV concentrations in the digests on the donor side [i.e. flux of SQV from all phases likely to be 3 

present in vivo (AP, OP and PP)].  4 

 5 

Correlation plots for kapp, total and in vivo AUC0-1.5 h are shown in Fig. 6 and probe whether differences 6 

in effective permeation were driving differences in oral absorption. Poor correlation was apparent with 7 

kapp, total during dispersion, but increasingly good correlation was apparent for kapp, total values for 8 

digestion at 15 and 30 min and in vivo exposure. This indicates that lipid digestion does impact drug 9 

absorption from LBFs and further suggests that the nature of the liberated digestion products 10 

differentially affects the free concentration of SQV in the GI fluid and ultimately oral bioavailability.  11 
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Alternatively, correlations of AUC0-1.5h were also examined relative to kapp, solubilised which reflects 1 

permeation of drug as a function of the concentration of solubilised AP+OP (if any) (Fig. 7). Similar 2 

to kapp, total, poor correlation was apparent with kapp, solubilised for dispersion, and the correlation improved 3 

on digestion and at the later time point (30 min). Interestingly, correlations with kapp, solubilised, were 4 

worse than those with kapp, total. This was largely due to the data for the suspension formulation, where 5 

surprisingly kapp, solubilized appeared to reflect in vivo exposure less effectively than kapp, total.     6 

 7 

In addition to the correlations above between kapp and in vivo exposure, we were also interested to 8 

know whether in vitro permeability and in vivo exposure could be related to simple measures of 9 

supersaturation. Fig 8 shows a relatively weak relationship between SR and kapp solubilized or kapp, total at 10 

15 min digestion (SR for the suspension was considered to be 1, since SQV in the suspension was 11 

saturated at the onset of the in vitro permeation study), however these improved at 30 min post 12 

initiation of digestion suggesting that even relatively simple measures of in vitro supersaturation may 13 

provide an indication of the drivers of permeability.  14 

 15 

Finally to examine correlations with SR further, plots were constructed between SR after LBF 16 
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digestion and AUC0-1.5 h (Fig. 9), since SR is expected to be an indicator of the free concentrations 1 

driving permeability and absorption.33 Consistent with previous studies33 and the correlations with 2 

permeability measures in Figure 8, and realizing the lack of solubility limitations in the current study, 3 

reasonable correlation with SR was evident especially at 30 mins post digestion, although the 4 

correlations were not as good as those obtained with kapp, total. This suggests that the in vitro 5 

permeability measurements may more accurately represent free concentrations in vivo than the in vitro 6 

SR estimates.  7 

 8 

 9 
 10 
CONCLUSION 11 

Lipid based formulations of poorly water soluble drugs are typically employed to enhance absorption 12 

via increases to effective solubilisation in the GI tract. It is apparent however, that lipid digestion also 13 

stimulates changes to thermodynamic activity via changes to the nature of the colloidal structures 14 

present in the intestine and that this is likely to change apparent permeability. Here we interrogate the 15 

drivers of intestinal permeability of SQV from LBFs with different compositions. Studies were 16 

deliberately conducted at low SQV doses, in order to minimize confounding effects on solubilisation, 17 

realizing that at higher dose, in clinical use, solubility effects are likely to dominate. In 18 

pharmacokinetic studies at the low dose employed here, the oral absorption of SQV from LBFs was 19 

unchanged or decreased compared to the control suspension (in contrast to the situation more 20 

commonly seen at higher dose where lipid formulation typically enhance SQV exposure due to effects 21 

on solubilisation). The results of the in vitro permeability studies suggested that the differences in 22 



27 
 

absorption observed here (in the absence of solubility effects) were a result of differences in free 1 

concentration of SQV after LBF digestion, and were dependent on the type of lipid in LBFs. Notably 2 

the order of the kapp, total values for LBFs was consistent with the rank order of oral absorption in vivo. 3 

This indicated that the nature of the digestion products formed (ie. the different colloidal species) 4 

greatly affected the apparent permeability of a BCS class IV drug by changing the free concentration. 5 

Good correlations were apparent between in vivo AUC and kapp, total (which reflects total flux of SQV 6 

from all phases, AP, OP and PP) for both the suspension and LBFs. Simple in vitro permeation 7 

experiments run in sequence with in vitro digestion studies may therefore be a valuable tool for 8 

understanding the role of permeability in predicting drug absorption from LBFs. Caveats to this 9 

assumption include the fact that this may not be the case where absorption is not driven by passive 10 

permeability processes. That said, SQV is a P-gp substrate and yet the correlations here were relatively 11 

strong. This implies that the different LBFs employed here likely had little impact on P-gp. In support 12 

of this suggestion, Tmax after oral administration of SQV was ~ 15-30 min (Fig. 1), indicating that SQV 13 

was absorbed largely from the upper region of the small intestine at the dose employed here. In contrast, 14 

P-gp is more highly expressed in the lower region of the small intestine. This provides some support 15 

to the suggestion that in the current studies P-gp did not have a major role in driving differences in 16 

absorption across the three formulations. Finally, previous studies have shown that even short periods 17 

of supersaturation may be sufficient to drive large differences in absorptive flux.3, 14 Under these 18 

circumstances, the degree of supersaturation and the concentration of free drug available for absorption 19 

may change rapidly. This reveals a practical limitation of the current study where the use of collected 20 

digestion samples at designated time, whilst allowing the effective capture of in vivo events, also 21 

dictates data collection at a relatively limited number of timepoints and under conditions where 22 

supersaturation could decay on sample processing. These limitations may be addressed, at least in part, 23 

by the use of models that allow real time simultaneous measurement of digestion and permeation3, 14-24 
19  25 
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