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Abstract 
Hedge, O. 2021. Predicting oral performance of lipid-based formulations using in vitro 
methods. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of 
Pharmacy 303. 78 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1312-2. 

Oral administration of drugs is widely considered preferable to other methods by end-
users and healthcare providers alike; however, not all drug compounds are inherently suited 
for it because some molecules are not well-absorbed by the intestine. Good absorption 
requires both dissolution and permeation. For instance, highly lipophilic compounds (which 
have good permeability over intestinal mucosa) are prone to poor absorption following oral 
administration due to their poor solubility in water. Contemporary drug discovery methods 
tend to produce many such compounds. Thus, there is a need for enabling formulations that 
can increase solubility and by extension the absorption of lipophilic compounds from the 
intestinal tract. Lipid-based formulations (LBFs) have been proven to improve oral absorption 
and bioavailability for poorly water-soluble but highly permeable drug compounds. However, 
lipid excipients are not strictly inert, as they are also digested in and absorbed from the gastro-
intestinal tract, and there is a complex interplay between physiological and physical processes 
that makes it difficult to rationally select an optimal composition of lipid excipients for any given 
drug. Empirical selection is also difficult because of the difficulty of capturing these processes 
in vitro. Animal studies are useful, but carry a heavy burden of high expense and ethical 
considerations. For these reasons, LBF development would be improved by the availability of 
better predictive tools. 

This thesis aims to improve in vitro methodology for understanding drug release and 
absorption processes for LBFs, focusing on self-emulsifying drug delivery systems (SEDDS), 
with the goal of helping better drug products reach the market. The general approach was to 
investigate a lipolysis-permeation method by which different LBF compositions can be assayed, 
hopefully in a manner more predictive of the in vivo situation than currently offered by current 
lipolysis assays, which do not incorporate simultaneous absorption. Special focus was put on 
artificial membranes, but cell monolayers were also investigated as absorptive membranes. 
Many parameters were discovered to significantly impact the assay outcomes, such as lipase 
product, lipase activity, buffer composition, stirring and fluid flow and absorptive membrane 
properties. The issue of predicting oral performance of LBFs is not yet solved, and much work 
remains. However, this thesis has identified both an artificial membrane (LiDo) that is suitable 
for lipolysis-permeation assays and important considerations for further development of this 
assay model. 
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Abbreviations 

API Active pharmaceutical ingredient 

AUC Area under the curve 

BSA Bovine serum albumin 

CES Carboxylesterase 

FaSSIF Fasted state simulated intestinal fluid 

FRAP Fluorescence recovery after photobleaching 

GI Gastrointestinal 

HDM Hexadecane membrane 

HLB Hydrophilic-lipophilic balance 

LBF Lipid-based formulation 

LiDo Lecithin in n-dodecane 

LFCS Lipid formulation classification system 

logP Log10 octanol/water partition coefficient at neutral charge 

logD Log10 octanol/water distribution coefficient at specific pH 

LC Long chain (acyl glycerides) 

LY Lucifer yellow 

MC Medium chain (acyl glycerides) 

MDCK Madin-Darby Canine Kidney 

NME New molecular entity 

PDMS Polydimethyl siloxane 

PVDF Polyvinylidene difluoride 

PWSD Poorly water-soluble drug 

QCM-D Quartz crystal microbalance with dissipation 

SDS Sodium dodecyl sulphate 

SEDDS Self-emulsifying drug delivery system 

TBU Tributyrin unit 

TEER Trans-epithelial electrical resistance 

TIRF Total internal reflection fluorescence 
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Introduction 

The oral route of administration for drugs is often considered to be preferable, 

for reasons such as safety, ease-of-use, acceptability, lack of pain (excepting 

dysphagia), and storage stability.1–3 In 2001, oral formulations accounted for 

84% of sales of the 50 most-sold pharmaceutical products in USA and Eu-

rope.4 Despite the massive growth of parenteral drugs in the last two decades, 

orally administered drugs still account for the largest market share.5 However, 

recent industrial output does not quite match the demand for oral drug prod-

ucts, which can be explained by the difficulty in formulating many of the 

newer active pharmaceutical ingredients (APIs) for oral administration. Many 

of recently approved APIs are biologics, which are large, poorly permeable 

and quickly degraded in the gastrointestinal (GI) tract, and it is notoriously 

difficult to formulate such pharmaceuticals in a way conducive to oral absorp-

tion. Small-molecule drugs can also be problematic. For complete absorption 

from the GI lumen, the API must completely dissolve in the GI fluids and the 

permeability over intestinal mucosa must be sufficiently high that all API is 

absorbed within the GI transit time.  

For an entire administered dose to reach systemic circulation (in other 

words, to attain 100% oral bioavailability), the fully absorbed dose must not 

be significantly metabolized in the gut or during the first pass through the 

liver. Complete bioavailability can be only be guaranteed when a drug is in-

jected intravascularly. On the other hand, complete bioavailability may not be 

required, as evidenced by the oral formulation of semaglutide marketed as 

Rybelsus, with an absolute bioavailability of 1%.6 Even if complete bioavail-

ability is not required, complete absorption is generally desirable.  

Incomplete absorption due to poor permeability can sometimes be circum-

vented by increasing the administered dose, and dose increases can also satu-

rate metabolic enzymes and thus decrease the fraction of absorbed drug that 

is eliminated by hepatic first-pass metabolism. However, increasing a dosage 

must be done cautiously because of metabolic differences among populations 

and individuals (depending on genetics, disease state, polypharmacy, enzy-

matic induction or inhibition, and so on). Furthermore, when poor solubility 

is the cause of incomplete absorption, increasing the dose is an ineffective 

strategy as the dissolved amount is constant. Poor solubility of the API is also 

linked to large variability in absorption, because of interindividual variations 

in intestinal fluid composition, gastric pH, prandial state and food composi-

tion. It is therefore highly desirable to pursue formulations that will enable 
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sufficient solubility of an API in intestinal fluids. Doing so will enable a high 

fraction absorbed, and reduced variability, resulting in more efficacious treat-

ment with fewer adverse effects for poorly-water soluble drugs (PWSDs).  

Poorly water soluble drugs for oral administration 

Modern drug discovery consists largely of combinatorial chemistry and in sil-

ico docking simulations, which generates vast libraries of drug-like com-

pounds. High-throughput bioassays can be used to screen these libraries for 

drug leads by evaluating activity towards selected targets. These assays are an 

effective method for exploring chemical space and tend to select compounds 

of high potency and selectivity, but also to select compounds with high lipo-

philicity and poor water solubility.7 In other words, the current drug discovery 

paradigm produces drug compounds that are good in terms of pharmacology 

but difficult to formulate for oral delivery.  

In the years 2015–2019, the U.S. Food and Drug Administration (FDA) 

approved 220 New Molecular Entities (NMEs) and out of those at least 44% 

(n = 97) were intended for oral absorption.8 Analysis of these 97 NMEs (Fig-

ure 1), showed that 62% (n = 64) had a predicted intrinsic solubility in water 

≤ 0.1 mg/ml, these are practically insoluble by pharmacopeial definition and 

thus present a higher difficulty for achieving a high oral absorption. Of those 

64 NMEs, 61% (n = 39) were predicted to be lipophilic (logP ≥ 3). Thus, 40% 

of new drug compounds for oral administration could be assumed to be poorly 

water-soluble but permeable through the intestinal mucosa. It is not known 

what the proportion is of compounds still in development that fall under this 

category, but it is likely even higher than 40%, with some estimates above 

70%.9,10 Thus, there is a demand of enabling formulations that can increase 

the solubility for the APIs in intestinal fluids.  
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Figure 1. Distribution of New Molecular Entities approved in 2015–2019 and pre-
dicted physicochemical properties (using ADMET Predictor 9.0 from SMILES 
structure obtained from PubChem11). Solid horizontal lines within vertical clusters 
indicate the median value for each property. The shaded areas show clusters of 
highly lipophilic compounds (left), and practically insoluble soluble compounds 
(right), respectively. 

Lipids and prandial state affects intestinal absorption 

It has been frequently observed that administering lipophilic drugs with a 

high-fat meal increases bioavailability.12–16 The combination of dietary lipids 

with gastro-intestinal digestion and secretion of bile produces an emulsion in 

which a PWSD can dissolve. Increased absorption is not always related to 

increased solubility through lipids, but to the physiological response of the 

presence of lipids, e.g. bile secretion.17 Once taken up by intestinal epithelial 

cells, highly lipophilic compounds can be incorporated in chylomicrons and 

further transported via the lymphatic system.18 Lipophilic compounds taken 

up in the lymph will not pass directly to the liver as they would if they had 

been administered by the venous route. Compounds with high hepatic extrac-

tion might thereby be less subjected to first-pass metabolism when adminis-

tered with lipids and so their bioavailability would increase.19 For these rea-

sons, lipids as oral excipients to increase bioavailability of lipophilic com-

pounds are of high interest. In this thesis, the primary focus will be on self-
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emulsifying drug delivery systems (SEDDS) for oral administration, and us-

ing in vitro methods to predict their potential for improving oral bioavailabil-

ity for poorly water-soluble but highly permeable drug compounds. 

Self-emulsifying drug delivery systems (SEDDS) 

Non-polar lipids will not spontaneously mix with an aqueous solution such as 

gastric and intestinal fluid. Energy is required in order to solvate the lipids in 

the water or the water in the lipids and in most cases the increased entropy 

from mixing is not sufficient. Two immiscible phases will be formed instead, 

but with sufficient force, smaller droplets can be formed. In other words, one 

phase can be dispersed within the other, but the dispersion will not be kinet-

ically stable. The droplets will coalesce rapidly to reduce the surface area, 

leading to the two layers reforming. Addition of an amphiphilic component (a 

surfactant), i.e. a substance with regio-specific affinity for two immiscible sol-

vents, will reduce the surface tension between the two phases and therefore 

kinetically stabilize the dispersion by reducing interface free energy.20 This 

process is the basis for emulsification. However, energy is generally required 

for this dispersion to occur. Typically, this energy comes in the form of shear 

to break apart the layers and form fine droplets, which can then be stabilized 

by surfactants. The shear force required can be reduced by heating the phases 

to just above the emulsion phase inversion temperature before mixing and al-

lowing the emulsion to cool down.21,22 In some cases, the mixing might occur 

under very gentle agitation, if the entropy gained is larger than the energy re-

quired for increasing the surface area.23,24 Such a ternary system is referred to 

as self-emulsifying, and this process is the foundation for SEDDS. “Self-emul-

sification” might admittedly be a misnomer, because some energy, albeit very 

little, is still required to emulsify the systems completely. 

Because the energy required for dispersing the self-emulsifying system is 

very low, relatively gentle agitation is sufficient to generate emulsions with in 

vitro droplet sizes in the sub-micron to nanometre range. Therefore, a very 

common occurrence within drug delivery literature is to refer to SEDDS as 

either SMEDDS or SNEDDS, corresponding to microemulsifying and 

nanoemulsifying. Generally speaking, the term microemulsion usually re-

served for disperse systems that are thermodynamically stable and optically 

clear. However, in the drug delivery literature, the term SMEDDS is instead 

often applied to systems that produce droplet sizes in the submicron range 

when dispersed, regardless of thermodynamic stability.25 When comparing 

sub-micron emulsions, the droplet size after dispersion may not even be a par-

ticularly relevant parameter for their relative performances.26,27 

As previously mentioned, the co-administration of lipids together with a 

lipophilic PWSD can in many cases increase the oral bioavailability. Simi-

larly, administration of lipophilic PWSDs in SEDDS has frequently been 
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shown to improve oral bioavailability, especially in comparison to lipid-free 

formulations with crystalline API.28–37 Generally, the API is dissolved (or 

loaded) in the water-free lipid vehicle before filling capsules for oral admin-

istration. As the capsule dissolves, the churning motion in the stomach or per-

istalsis in the small intestine generates the emulsion. With the API already 

dissolved, the dissolution step is effectively bypassed and thus the API is rap-

idly available for absorption. In some cases, prior dissolution in the vehicle is 

unnecessary, as has been reported with the weak bases carvedilol and cinna-

rizine being equally well absorbed when crystalline API was co-administrated 

with an unloaded vehicle.29,38 

Advantages of SEDDS for oral drug delivery 

SEDDS have several advantages for delivering PWSDs: (1) increased bioa-

vailability from the solubilizing lipids and the physiological response to these 

lipids; (2) rapid absorption (from bypassing potentially slow dissolution steps) 

and high surface area of solubilizing droplets; and (3) convenient size of the 

dosage unit due to the self-emulsifying property. The increased bioavailability 

can also reduce intraindividual and interindividual variability in plasma expo-

sure of the drug due to reduced food effects.39 SEDDS can therefore minimize 

the need to factor in meal times in the dosing schedule, which would facilitate 

compliance. There is also evidence that the use of SEDDS, as compared to 

simpler lipid solutions or co-administration with food, can lead to less variable 

pharmacokinetics,40,41 possibly due to the ease of emulsification, reduced re-

liance on bile (concentrations of which can vary significantly between indi-

viduals and prandial state),42,43 as well as narrower droplet size distribution. 

From an industrial perspective, a potential benefit of SEDDS is that clinical 

trials are more likely to succeed if the variability in oral absorption can be 

reduced. Furthermore, the excipients used for SEDDS are generally non-toxic 

and inexpensive, consisting of dietary lipids and non-ionic surfactants that are 

widely used in medicinal products and as food additives. Improved oral bioa-

vailability might also reduce the cost per dosage unit if a lower dosage can 

yield the same exposure. As previously mentioned, there is a need for formu-

lation strategies suitable for the lipophilic PWSDs generated by drug discov-

ery protocols. Finally, many already-marketed compounds could benefit from 

improved formulation, possibly allowing for patent extensions or competing 

drug products.  

Disadvantages of SEDDS for oral drug delivery 

SEDDS also have disadvantages, which possibly explain the declining rate of 

introduction of SEDDS products to the market in recent years (Figure 2).44,45 

The loading capacity, defined here as the equilibrium solubility in the vehicle, 
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for drugs is generally quite low, at around 5–15% (w/w).46 For less potent 

APIs, the amount of excipients required to dissolve the compound might be in 

the range of 1 g or more. A large dosage unit size might be difficult for the 

patient to easily swallow, or require multiple capsules per administration.47 

The required ratio of vehicle to API might be reduced by supersaturated 

SEDDS, but the storage stability is not well characterised. From an industrial 

perspective, the expense and effort required to transition from handling pow-

ders to viscous liquids might be less attractive than investigating alternative 

formulation techniques for PWSDs, such as amorphous solid dispersion. It 

should be noted that SEDDS can be solidified by various methods, either by 

solidifying excipients or solidifying emulsions,48 although doing so might de-

crease loading capacity and bring about additional manufacturing complexity. 

Figure 2. Oral lipid-based formulation (LBF) products including SEDDS approved 
by the FDA by year from 1941–2016. Bars (to be read against the left y-axis) indi-
cate the number of LBFs approved that year, and the dotted line (to be read against 
the right y-axis) indicates the cumulative number of approved products. Data for the 
period 1941–2016 was collated from Savla et al. (2017) and Müllertz et al. 
(2010).44,45 Additional data for the period 2017–2020 has been added in this figure, 
including the products Rydapt (midostaurin), Epidiolex (cannabidiol), Jatenzo (tes-
tosterone undecanoate), Elyxyb (celecoxib), Mycapsa (octreotide acetate), and 
Xtandi (enzalutamide). 

One of the most significant disadvantages of SEDDS lies in the difficulty of 

accurately predicting performance of different formulations. For a developer 

of a new drug product, the choice of formulation strategy is often guided by 
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decision trees on the basis of the drug candidate’s physicochemical proper-

ties.49 Decision trees to aid in the selection of an enabling formulation strategy, 

including SEDDS, have been proposed.50 However, the optimal composition 

cannot be selected through decision trees, which can only guide the formula-

tion strategy. Ideally, formulation candidates representing different formula-

tion strategies should be compared directly in empirical studies before moving 

on to clinical drug trials. Direct comparisons are typically done in pre-clinical 

studies with suitable animal models. Prior optimization of the formulation 

composition, which requires a large number of experiments, should be per-

formed in vitro, in silico, or a combination of these for ethical51 and resource 

considerations. It is in the in vitro setting that SEDDS become difficult to 

evaluate.  

In vitro methods for evaluating SEDDS performance 

Kinetic and thermodynamic equilibrium properties 

When formulating a drug through SEDDS, typical parameters investigated are 

the solubility of the API in different excipients, the dispersibility through con-

struction of pseudo-ternary phase diagrams, the solubility in the vehicle, the 

droplet size after dispersion, and the apparent solubility of the API in the emul-

sion.52 All these factors are important to know, but do not necessarily predict 

performance in vivo. The solubility in the vehicle limits the loading capacity 

when the API should be dissolved prior to dispersion. Exceeding the loading 

capacity can lead to delayed absorption unless the API is in supersaturated 

solution, as the API must then dissolve before absorption can take place. Sol-

ubility in the vehicle (SSEDDS) can be predicted by summation of the solubility 

in each individual excipient (Se) multiplied by the mass fraction of the excip-

ient (We) in the following formulation (Eq.1).46,53 

 SSEDDS = ∑Se ∗ We    (1) 

 

High dispersibility and low droplet size are perceived to be beneficial for the 

drug absorption rate, but there is no linear correlation between either of the 

two and absorption. Speculatively, fine emulsions are better than coarse emul-

sions but for differences within a few hundred nanometres of droplet diameter, 

other factors like the distribution coefficient become more important.26,54–56 

The apparent solubility in the emulsion is important because it might not cor-

relate with the solubility in the vehicle. Many PWSDs are highly soluble in 

non-toxic organic solvents like ethanol, glycerol or polyethoxylated glycols. 

Thus, these chemicals are sometimes added as co-solvent in the vehicle to 

increase the loading capacity, or improve dispersion properties. However, 
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these chemicals will not significantly contribute to API solubilisation, but ra-

ther molecularly disperse in the continuous phase, increasing the risk of pre-

cipitation,52,57,58 which can hinder absorption, unless the API precipitates in an 

amorphous form.54 Furthermore, at the high volume ratios of co-solvents re-

quired to achieve a substantially increased solubility in the continuous phase, 

the effective permeability coefficient of a PWSD can be decreased by reduc-

ing the concentration gradient between the unstirred water layer and bulk, as 

reported by Miller et al. for progesterone.59 

Drug release studies 

API released from formulation over time is often highly correlated with the 

fraction absorbed over time. This is generally true for compounds where dis-

solution is the rate-limiting step for systemic absorption; in vitro dissolution 

can predict in vivo absorption since dissolution is equivalent to release. If there 

is information about the rate with which a compound is eliminated from the 

body, the plasma concentration over time can be predicted in silico.60 

Biorelevant dissolution media 

For PWSDs that require enabling formulation to achieve a good oral bioavail-

ability, predicting absorption from dissolution can be complicated. For in-

stance, the dissolution rate may be strongly affected by the dissolution media. 

Intestinal fluid is not always well represented by a buffer solution when it 

comes to assessing the dissolution of PWSDs, because solubilising compo-

nents of the bile can increase apparent solubility. Using biorelevant dissolu-

tion media (simulated intestinal fluid) can therefore be beneficial, especially 

for lipophilic APIs.60–62 Species-specific fasted state simulated intestinal fluids 

(FaSSIF) have also been developed for rat63, dog64 and pig65 models.  

Drug release studies of fine dispersions 

In SEDDS, the drug dissolution is not equivalent to drug release as the API is 

generally dissolved in the formulation prior to administration, and then solu-

bilized within the emulsion droplets. Furthermore, it is important to distin-

guish between the apparently dissolved fraction of a compound and that which 

is available for absorption. The apparently dissolved fraction is the fraction of 

a dose present in any dissolved state, but not all these states may be immedi-

ately available for absorption. In an emulsion, the API may preferentially re-

side in the lipid droplets, which hinders distribution into the water phase of 

intestinal fluid and therefore the transition across the intestinal wall and into 

systemic circulation.66 To complicate matters, accurately assessing fraction 

available for absorption can be experimentally difficult.67 For very fine emul-

sions, such as those generated by dispersing SEDDS, small and flexible drop-

lets slipping through filter pores and Brownian motion counteracting buoy-

ancy impedes phase separation by filtration or centrifugation. This issue might 
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also be present for nanoscale suspensions, where care must be taken to accu-

rately separate undissolved material from dissolved material in the aqueous 

media.68 The use of diffusion-based separation methods such as asymmetric 

flow field-flow fractionation (AF4) has shown promise for accurate determi-

nation of nanoparticle encapsulation efficiency.69 AF4 could potentially be 

used for quantifying bound API concentration in fine emulsions as well. In 

situ quantification methods, such as Raman or Fourier transform near-infrared 

spectroscopy, may provide better time-resolved profiles of dissolution and 

precipitation.70 In situ determination of concentration in the continuum is more 

difficult in situations where the drug is dissolved in both continuous and dis-

crete phases, such as an emulsion. Under certain conditions, the concentration 

of the continuous phase (unbound concentration) can be quantified in situ us-

ing ion-selective electrodes.71  

In vitro lipolysis 

Because the main excipient of SEDDS is typically digestible lipids, the com-

position of lipid species will also change over time in the gastro-intestinal 

tract, which can affect the solubilisation capacity as well as the distribution 

coefficient of the loaded API. Generally, this compositional change is simu-

lated in vitro by including lipase with simulated intestinal fluid in a drug re-

lease assay; the most commonly used lipase product is porcine pancreatin be-

cause of its similarity in specificity to human pancreatic fluids. In addition, 

because the digestion of lipids generates fatty acids, the pH will drop over 

time and to counteract this, automated titration of an alkaline solution (pH-

stat) is typically used. Use of the pH-stat operation also allows for indirect in 

situ measurements of fatty acid release.72,73 The whole process is generally 

referred to as the in vitro lipolysis assay,73 representing probably the most 

common assay used to predict the performance of SEDDS in the last decade.  

Phase distribution is used as a measure of the formulation performance, 

where the proportion in the aqueous phase after centrifugation is considered 

available for absorption.42 The higher proportion of API present in the aqueous 

phase, the better the formulation is considered to perform. However, this as-

sumption often leads to inaccurate predictions of the plasma exposure ranking 

when comparing different SEDDS to each other.27,29,74–81 As already men-

tioned, the actual proportion of API available for absorption is difficult to de-

termine experimentally for very fine emulsions. 

Incorporating absorption into in vitro lipolysis 

Because the intent of an enabling formulation is to increase the absorption of 

the API, it seems more reasonable to study this parameter in vitro when the 

drug release is difficult to assess accurately. In recent years, research efforts 

have therefore been expended in developing lipolysis-permeation assays to 
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capture the complex interplay of dissolution, digestion, drug release and ab-

sorption. This thesis represents a part of that effort.  

Artificial membranes 

Within drug discovery and development, the use of biomimetic artificial mem-

branes provides a rapid and economical complement to more labour-intensive 

and costly cell-based studies. These membranes are also popular for use in 

more theoretical fields of research, such as biophysics and chemical biology, 

where they can be tailored for specific purposes. There are also many appli-

cations of bio-inspired membranes in materials science, which will not be dis-

cussed here. Biomimetic artificial membranes are available in a wide array of 

forms ranging from more simplistic compositions, which may provide some 

functional similarity to cellular membranes, to more advanced and highly bi-

omimetic compositions that even include transport proteins and membrane-

bound enzymes.  

Cellular monolayers 

Cell-based assays have been utilized for several decades to provide a more 

biorelevant environment for the study of biological processes such as facili-

tated absorption and other absorption mechanisms. Most commonly, immor-

talized cell lines are used. The Caco-2 cell line has been used extensively for 

measurement of permeability coefficients due to good correlation with values 

from human jejunum. The Caco-2 line is derived from human colorectal car-

cinoma, differentiated into a morphology that is suitable for emulating enter-

ocytes from the small intestine, e.g. featuring a brush border apical mem-

brane.82–84 

Madin-Darby canine kidney (MDCK) cells offers a possibly advantageous 

alternative to the Caco-2 cell line. These are a cancerous cell line derived from 

canine kidney enterocytes, and these form polarized monolayers like Caco-2 

and are often used for permeability screening.85,86 A clear advantage of this 

cell line is the shorter culture time required to form confluent monolayers (four 

days compared to 21 for Caco-2 monolayers).85,87 Thus, these cells offer the 

same advantages as Caco-2 with functioning intracellular and membranous 

processes and brush-border membrane morphology, but at lower overall cost. 
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Aims of the Thesis 

The overall aim of this thesis was to improve contemporary methodology for 

in vitro assays of SEDDS, better predict in vivo oral absorption, and further 

develop the lipolysis-permeation assay format. The investigations focus spe-

cifically on the use of semi-permeable barriers in conjunction with enzymatic 

digestion of emulsified dosage forms. 

 

The individual aims of the papers included in the thesis are: 

 
 In Paper I, to discover a model semi-permeable membrane of arti-

ficial origin, thereby enabling a resource-efficient method of intro-

ducing absorption to the in vitro lipolysis assay.  

 In Paper II, to investigate and characterize the interaction of 

SEDDS dispersions under digestion with the membrane model 

identified in Paper I.  

 In Paper III, to compare the use of cell-based and cell-free absorp-

tive membrane models in lipolysis-permeation assays.  

 In Paper IV, to evaluate the effect of various lipase and assay sys-

tems in a lipolysis-permeation assay. 
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Methods 

Selection and description of model compounds 

Three PWSDs were selected for study in the four papers included in the thesis. 

In Paper I and Paper III, fenofibrate was selected so that these new results 

could be compared to previously performed studies,75,77 where in vitro lipoly-

sis assays did not correctly predict the in vivo plasma exposure ranking of 

three SEDDS administered to landrace pigs. Fenofibrate is a lipophilic propyl 

ester pro-drug of the active compound fenofibric acid. Fenofibrate is a neutral 

compound, practically insoluble in water (<1 µg/ml),88,89 highly lipophilic 

(logP 5.19), and has a melting point of 80–82°C.90 The low melting point in-

dicates that the solubility is limited by solvation in the dissolution media rather 

than stable crystal lattice.91 Fenofibrate is not known to be a substrate of any 

transport proteins, and is therefore mainly absorbed through transcellular pas-

sive diffusion. The bioavailability is however generally high when formulated 

using lipid excipients or micronized particles.92,93 There is a significantly pos-

itive food effect on fenofibrate absorption.94 

In Paper II, felodipine was chosen as the model drug because of its suita-

bility for the methods employed in the study. Felodipine is neutral under phys-

iological conditions, practically insoluble in water (0.5 µg/ml), and is highly 

lipophilic (logP 4.80), and has a melting point of 145°C.95 Despite its poor 

solubility and reports of being an efflux transporter substrate,96 felodipine is 

well absorbed, but subjected to an extensive first-pass hepatic metabolism that 

results in an absolute bioavailability of 15%.97 The particle size has nonethe-

less been reported to be important for the bioavailability and magnitude of 

food-effect in beagle dogs.98 Thus, felodipine has properties making it suitable 

for lipid-based formulation, although perhaps it is less clinically relevant due 

to its high first-pass metabolism. Felodipine’s fluorescence however makes it 

useful for the microscopy methods employed in Paper II, and no comparison 

to in vivo results was made there. 

In Paper IV, carvedilol was used as a model drug based on a previous study 

that compared in vitro lipolysis-permeation assay results with in vivo bioavail-

ability.29 Carvedilol is a weak base (pKa 7.97), practically insoluble in water 

(28 µg/ml, pH 6.5),99 and lipophilic (logP 4.11, logDionized 1.92) with a melting 

point of 114–115°C.100 It is not a known substrate of any efflux transporters, 

but has been reported to inhibit P-glycoprotein 1 (P-gp).101 Carvedilol is seem-

ingly well absorbed, but subjected to substantial hepatic first-pass metabolism 
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in humans that result in a bioavailability of 24% (racemic average).102,103 

Nonetheless, SEDDS have been reported to increase oral bioavailability of 

carvedilol relative to conventional formulation and micronized powder in bea-

gle and Labrador dogs respectively.46,104 Lymphatic absorption through M-

cells in Peyer’s patches has been suggested as a mechanism behind improved 

oral bioavailability of carvedilol when administered as a nanosuspension or 

loaded in surfactant-enriched liposomes in rats.105,106  

In Papers I–IV, Lucifer Yellow CH (LY) was used as a marker for mem-

brane disruption. LY is a fluorescent compound with permanent double nega-

tive charge from its two sulfonate groups, making it hydrophilic (logP -1.7). 

For this reason, permeation through intact artificial membranes should be neg-

ligible and permeation through cell monolayers should be mainly paracellu-

lar.107–109  

Selection of formulations 

The formulations studied in this thesis were selected from literature (Table 1). 

In Paper I, four different SEDDS were used, and categorized according to the 

lipid formulation classification system (LFCS) put forth by Pouton110 as IIIB-

MC, IIIA-MC (medium chain), IIIA-LC (long chain), and IV. The latter three 

SEDDS were loaded with fenofibrate and used to explore the predictivity of 

in vitro lipolysis-permeation assays using cellular and cell-free absorptive bar-

riers in Paper I and Paper III. These three SEDDS were also used in Paper 

II, but loaded with felodipine. Pure Miglyol 812N (a component of the IIIA-

MC SEDDS) was also studied in Paper II as a drug delivery vehicle for fe-

lodipine, corresponding to LFCS type I. The IIIB-MC SEDDS was used for 

the initial compatibility studies with artificial membranes in Paper I. 

In Paper IV, a different type of IIIA-LC SEDDS was used to explore the 

predictivity of lipolysis-permeation assays when combined with carvedilol in 

various ways. This approximate formulation was taken from a reference 

study,29 but one excipient (Maisine 35-1) had been discontinued shortly after 

that study was published, and its replacement (Maisine CC) was instead used 

for Paper IV. According to the manufacturer, Maisine CC is a purified version 

of Maisine 35-1 with a lower melting temperature (but otherwise identical). 
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Table 1. SEDDS and other lipid-based drug delivery vehicles studied in the thesis. 
Abbreviations: MC (medium chain: C8 & C10 triglycerides), LC (long chain: 
mainly C18 triglycerides). 

Formulation 
(LFCS type) 

Excipients % 
(w/w) 

API Ref(s) 

I-MC Migyol 812N 100 Felodipine (Paper II)  

IIIB-MC Captex 355  12.5 None (Paper I) 111 

Capmul MCM EP/NF 12.5 

Kolliphor EL 50 

Carbitol 25 

IIIA-MC Miglyol 812N 40 Fenofibrate (Papers I and III),  

felodipine (Paper II) 

75 

Tween 85 40 

Kolliphor RH40 20 

IIIA-LC Olive oil 40 Fenofibrate (Papers I and III),  

felodipine (Paper II) 

75 

Tween 85 40 

Kolliphor RH40 30 

IIIA-LC Soybean oil 32.5 Carvedilol (Paper IV) 29, 112 

Maisine CC 32.5 

Kolliphor EL 33.5 

IV Tween 85 67 Fenofibrate (Papers I and III),  

felodipine (Paper II) 

75 

Kolliphor RH40 33 

Preparation of SEDDS 

Formulations were prepared by weighing excipients into a screwcap glass vial 

according to the weight fractions in Table 1. The mixtures were then capped 

with nitrogen, vortexed and placed on orbital shaking or rotisserie at 37°C for 

at least 24 hr and at most 14 days before use. Loading of SEDDS with drug 

compound was performed in the same way. Drug and SEDDS were weighed 

into a screwcap glass vial according to predetermined amounts, within 80% 

of the loading capacity, capped with nitrogen and vortexed. The mixture was 

then placed on orbital shaker or rotisserie until the drug was fully dissolved 

(24–48 hr). Loaded SEDDS were used within 7 days.  

In vitro lipolysis assays 

Biorelevant media 

Prior to lipolysis, formulation was dispersed in FaSSIF heated to 37°C. In all 

papers, the FaSSIF was prepared by dispersing “FaSSIF/FeSSIF/FaSSGF” 

powder (Biorelevant.com, UK) in buffer at a concentration of 2.24 mg/ml, and 

stirring or shaking for one hour. FaSSIF was used within 24 hr of preparation. 
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The buffer used for FaSSIF varied: in Papers I and III, a weak Tris-maleate 

buffer was used (2 mM Tris-maleate, 150 mM NaCl, and 1.4 mM CaCl2), 

while in Papers I and II, a stronger buffer (200 mM Tris-maleate) was used 

for smaller scale experiments where pH-stat could not be used to maintain pH 

during digestion. This buffer kept pH from dropping more than 0.3 units over 

60 min of digestion. This highly buffered FaSSIF had an experimental osmo-

larity of 733 mOsm/l (the calculated osmolarity was 708 mOsm/l) and a cal-

culated ionic strength of 316 mM. The weakly buffered FaSSIF of Papers I–

III had a calculated osmolarity of 312 mOsm/l and a calculated ionic strength 

of 155 mM. 

In Paper IV, a different strong buffer was used to mimic the osmotic pres-

sure of intestinal fluid more accurately, though the ionic strength was lower. 

This buffer was a modified version of the “high throughput buffer” described 

by Mosgaard et al.113 that contains 200 mM Bis-Tris methane and 4.5 mM 

CaCl2, with an experimental osmolarity of 305 mOsm/l (after adjusting to pH 

6.5 with hydrochloric acid). In Paper IV, the buffer instead contained 1.4 mM 

CaCl2, and the calculated osmolarity of the FaSSIF was 250 mOsm/L (thus, 

likely somewhat lower than the actual value) and the calculated ionic strength 

was 69 mM.  

Lipolysis 

In Paper I, lipolysis was initiated after 10 min of dispersion by addition of 

porcine pancreatin (Merck P7545) extract to achieve a lipase activity of 660 

TBU/ml. In Paper II, porcine lipase (Merck L3126) was added for a lipase 

activity of 100 TBU/ml. In Paper III, Novozyme 435 was used at 12.5 mg/ml, 

which corresponded to 50 TBU/ml. In Paper IV, all mentioned lipase prod-

ucts were studied at a lipase activity of 50 TBU/ml. 

In Papers I–III, pH-stat was used to maintain pH at 6.5 during lipolysis by 

autotitration (807 Titrando, Metrohm) of sodium hydroxide solution. The con-

centration of the titrant was selected based on the expected rate of digestion. 

For medium-chain SEDDS, 0.6 M NaOH was used, and 0.2 M was used for 

the other SEDDS. In Papers I–II, the extent of digestion was quantified by 

performing a blank lipolysis (no formulation) side-by-side with the SEDDS-

containing lipolysis. Blank lipolysis was done to allow for subtracting the in-

fluence of the FaSSIF. At end of these experiments, pH was rapidly increased 

to 9 to fully ionize all fatty acids. The total amount of released fatty acids over 

time was then calculated under the assumption that the un-ionized fraction 

was constant throughout the experiment. Finally, the extent of digestion was 

calculated as the fraction of released fatty acids of the amount possible to lib-

erate under the circumstances. For these calculations, it was assumed that 

every triglyceride could yield two fatty acids, and every diglyceride could 

yield one fatty acid. 
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Artificial membrane characterization 

Selection of artificial membranes 

In this thesis, three lipid solutions were tested on two different permeable sup-

port materials. The solutions were hexadecane in hexane, GIT-0, and lecithin 

in dodecane (LiDo). These lipids were evaluated on two different support ma-

terials, polycarbonate and polyvinylidene difluoride (PVDF). 

Hexadecane membranes (HDM) are often used for high-throughput screen-

ing of drug leads and candidates for their passive permeability. Since alkanes 

are not affected by intestinal lipases, it was hypothesized that HDMs would 

be resilient to lipolysis. GIT-0 is a slightly more complex composition, with 

phospholipids in dodecane. It is used in particular for the µFlux system (Pion), 

popular within industry for dissolution-permeation assays. Permeability coef-

ficients over GIT-0 in the DS-PAMPA method has been shown to correlate 

well with human jejunal permeability.114 GIT-0 was therefore considered suit-

able also for lipolysis-permeation assays, though the phospholipids may be 

more sensitive to intestinal lipases than a membrane with only alkanes. Due 

to the expense of shipping the GIT-0 lipid solution on dry ice, and time for 

delivery from the distributor, a generic alternative was prepared in-lab. The 

composition of GIT-0 is published in a US patent115 and is relatively simple. 

Furthermore, the two main components are inexpensive and readily available. 

The generic in-lab derivative was called LiDo based on its composition (Lec-

ithin-in-Dodecane), since it might not be identical to the commercially avail-

able GIT-0.  

To ensure similarity between GIT-0 and LiDo, the relative abundances of 

phospholipids in both products were quantified. Here, diluted samples of the 

respective membrane-forming solutions were infused directly into the ion 

source of a Sciex QTrap 6500 mass spectrometer. The peak information was 

extracted and compared to fragments from the LIPID MAPS Structure Data-

base to match fragments to corresponding parent molecule.116 A reference 

standard containing several lipids in equal concentrations was used to normal-

ize the peak intensities from the unknown samples. Additionally, functional 

comparisons were made in the µFlux system with dissolution-permeation as-

says of felodipine. 

Preparation of artificial membranes 

HDMs were formed according to the method of the original investigators with 

a slight modification.117,118 First, a hexadecane in hexane solution was made 

(5% v/v). Second, 63.2 µl/cm2 of the solution was added to either polycar-

bonate filters (Transwell, Corning, 10 µm thick, pore size 0.4 µm, porosity 

0.36) or PVDF filters (Immobilon-P, Merck Millipore, height 100–145 µm, 

pore size 0.45 µm, porosity 0.7). The hexane was then allowed to evaporate 
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for at least one hour, leaving behind the filter-immobilized HDM. GIT-0 filter-

supported membranes were prepared by overnight thawing of GIT-0 lipid 

(Pion), then painting aforementioned filters with 16.2 µl/cm2 of the solution 

10 min before an experiment. LiDo solution was prepared according to the 

patent description of GIT-0,115 by dissolving lecithin extract (Soy PC 20%, 

Avanti) in n-dodecane and 1.5% absolute ethanol (99.5% v/v) to a final con-

centration of 20% w/v lecithin. Once the lecithin was fully dissolved, it was 

centrifuged (3220g, room temperature) for 20 min to remove insoluble mate-

rial. The LiDo solution (supernatant) was then aliquoted for single-use, capped 

with nitrogen and stored at -18°C. Filter-supported LiDo membranes were 

then prepared in the same way as GIT-0 membranes. 

Membrane compatibility with lipolysis-permeation assay  

In Paper I, the artificial membranes mentioned above were investigated for 

their compatibility with dispersions and digests of dispersed type IIIB-MC 

SEDDS. The membranes were investigated in two conditions, namely semi-

static lipolysis and dynamic lipolysis (Figure 3).  

In semi-static lipolysis, dispersion and lipolysis were conducted prior to 

exposing the membranes to lipolysis media. Membranes were exposed to un-

digested media as well as partially digested media where lipase had been in-

hibited at different time points between 2 and 30 minutes. Different receiver 

media were also evaluated, as PWSDs may require a solubility enhancer to 

prevent a high membrane-retention. The receiver media consisted of phos-

phate buffered saline (10 mM, 154 mOsm/kg, and pH 7.4) and the additives 

tested were sodium dodecyl sulphate (SDS, 1% w/v) and bovine serum albu-

min (BSA, 4% w/w).  

Figure 3. Membrane integrity assay in the semi-static lipolysis condition. In vitro li-
polysis (left) was performed with inhibited samples transferred to filter holder in-
serts prepared with artificial membranes in a six-well culture plate (right). The flux 
of Lucifer yellow (LY) was monitored as a marker of membrane integrity over time. 
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In dynamic lipolysis, the lipolysis was conducted in direct contact with the 

membranes. SEDDS were dispersed in high buffer strength FaSSIF and added 

to the donor compartment. After 10 min, the pancreatin extract was added to 

the donor media to initiate lipolysis.  

Flux of LY was used as the main marker of membrane integrity over time. 

LY concentrations in the receiver medium were quantified using fluorescence 

detection in a plate reader (Safire2 and Spark, Tecan). Because LY could be 

detected in the receiver medium, a criterion for maintained integrity of 1 

min·nmol/cm2 was established. The criterion was chosen by comparing and 

integrating profiles of LY appearance over time, where those with no clear 

increase in flux over time were generally within the limit.  

Membrane interaction with SEDDS 

To investigate the interactions between SEDDS and the LiDo artificial mem-

brane, two main methods were used in Paper II, namely quartz crystal micro-

balance with dissipation (QCM-D) monitoring and fluorescence recovery af-

ter bleaching (FRAP).119,120  

QCM-D is an acoustic technique that can monitor changes, e.g. thickness 

and viscoelasticity, of a thin film applied to the sensor’s surface. This tech-

nique works by the quartz crystal having piezoelectric properties, i.e. an elec-

tric current will cause it to oscillate. The frequency of the oscillations are re-

duced by material interacting with the sensor, with the extent of the decrease 

dictated by the mass and density, which makes the sensor a very sensitive 

scale. In addition, a pulsating current will cause the oscillation to dissipate 

over time, analogous to the ringing of a bell. The speed of dissipation indicates 

the rheological properties of the material in contact with the sensor.121,122 The 

QCM-D assays were performed by sequential infusion of (1) n-dodecane and 

1.5% (v/v) absolute ethanol, (2) LiDo solution, (3) dispersed SEDDS in FaS-

SIF. In the fourth and final step, porcine lipase extract was then added to the 

reservoir of step 3 and the outlet was moved from waste to the reservoir to 

create a closed loop (Figure 4). Supporting experiments were also performed 

with only steps (3) and (4). QCM-D measurements were performed on silicon 

dioxide QSX 303 QCM-D sensors, coated with a PVDF thin film, and 

mounted in a Q-Sense E4 system (Biolin Scientific AB, Sweden). The flow 

rate was 50 µl/min and the temperature of the cell set to 37°C.  
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Figure 4. Schematic illustration of quartz-crystal microbalance with dissipation 
(QCM-D) monitoring. The illustration shows a dispersion of SEDDS (orange cir-
cles) in FaSSIF and lipase (green symbols) being pumped over the QCM-D sensor 
via a peristaltic pump, while the sensor records the frequency of the oscillating 
quartz and the dissipation of the signal. 

The second main method of investigation, FRAP, is a fluorescent microscopy 

technique in which a small area of a fluorescently-labelled lipid membrane is 

illuminated by a laser. The laser bleaches the fluorophores in the area so that 

they will no longer emit light. With time, diffusion will distribute the bleached 

fluorophores among the unbleached fluorophores, leading to the disappear-

ance of the bleaching (Figure 5).123 The speed of this recovery can be used to 

calculate the diffusivity of the labelled molecules within the membrane.124–126 

A diminished diffusivity indicates a ruptured, non-continues membrane.127 

Small changes to supported membrane structure and composition can also af-

fect the diffusivity.128,129  

In the FRAP assays, diffusivity of membrane-inserted L-α-Phosphatidyl-

ethanolamine-N-lissamine rhodamine B sulfonyl was studied. The LiDo 

membrane was established by coating a PVDF-treated cover glass with a pol-

ydimethyl siloxane (PDMS) ring attached that formed a compartment of ap-

proximately 100 µl. SEDDS dispersed in FaSSIF was added to the ring and 

shortly thereafter, porcine lipase extract was added to initiate lipolysis. 

Bleaching of a small spot of the membrane was made at different times by 

short illumination by a Kr-Ar mixed gas ion laser (Stabilite 2018, Spectra-

Physics Lasers) at a wavelength of 531 nm. Imaging was done in an inverted 

Eclipse Ti-E microscope (Nikon Corporation) equipped with a Perfect Focus 

System (PFS), a CFI Apo TIRF 100x oil objective (NA 1.49), a high-pressure 

mercury lamp, and an Andor Neo SCC-01322 sCMOS camera (Andor Tech-

nology). The recovery speed of the bleached area was used to calculate the 

diffusivity within the membrane.127 
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Figure 5. Fluorescence recovery after photobleaching (FRAP), in which a laser 
bleaches fluorescently labelled phospholipids (red) in the membrane (light yellow). 
The left panels show a schematic side view, where the PVDF coating is represented 
by grey wavy lines and the cover glass is represented by the slate blue rectangle at 
the bottom of the two panels. The right panels show what is seen in the microscope 
directly after photobleaching (top) and after recovery (bottom). 

In vitro lipolysis-permeation assays 

Lipolysis-permeation assays were performed in all papers included in this the-

sis. However, the format and experimental parameters varied. In Paper I, 

HDM, GIT-0 and LiDo membranes were used in the 6-well culture plate for-

mat for assay compatibility studies and LiDo was used in the full-size ENA 

device format for drug flux studies. In Paper II, LiDo was used in the 6-well 

format. In Paper III, Caco-2 and MDCK II cellular monolayers were used in 

addition to LiDo membrane in the ENA device format. In Paper IV, LiDo 

membrane was used in both the 6-well format and the ENA device format. 

Culture plate format (6-well) 

Initial assay compatibility experiments were performed with polystyrene 

Transwell inserts (Corning) with a polycarbonate filter to support the artificial 

membranes. However, because GIT-0 is typically used with PVDF filters, 
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which were not commercially available as inserts for the 6-well format, cus-

tom filter holders in polycarbonate were designed and constructed in collabo-

ration with the BMC workshop (Uppsala University). These filter holders can 

hold virtually any type of filter and fit into a standard 6-well culture plate. 

These filter holders were named Parallel Absorption Lipolysis System, or 

PALS for short. 

Due to the small donor volume (1–2.5 ml) in the 6-well format, pH-stat 

could not be used for pH-control during lipolysis, so instead highly buffered 

FaSSIF was used as dispersion medium in these experiments. Furthermore, 

the low donor volume impedes the use of overhead stirring, and therefore or-

bital shaking was used. To dose the SEDDS accurately in small volumes, the 

formulation was weighed into a glass vial and vortexed with FaSSIF prior to 

dispensing the emulsion in the inserts. In Paper II, a non-self-emulsifying 

drug delivery vehicle was used (LFCS type I-MC) and evaluated with two 

additional methods of dispersion without vortexing. Formulations were in 

these cases dispersed by high-shear mixing in a rotor-stator, or alternatively 

directly dispensed into an insert prefilled with FaSSIF where the dispersion 

(if any) was done by orbital shaking.  

ENA device format 

The ENA device is an assay system developed in the Bergström lab to capture 

the interplay of drug release and absorption from oral lipid-based formula-

tions.77,130 It consists of two jacketed glass chambers, which allows for heating 

by circulating water bath, and two vertically-oriented chambers, which can be 

separated by almost any kind of semi-permeable membrane (Figure 6), 

vaguely reminiscent of a Franz cell. The ENA device was designed to allow 

for the same functionality as in vitro lipolysis, i.e. pH-stat and overhead stir-

ring, while maintaining a relatively large membrane area in relation to the do-

nor volume (A/V ratio). The large receiver compartment (235 ml) allows for 

maintenance of sink condition for PWSDs, especially when additives are used 

to increase the effective volume. Stirring in the lower compartment is accom-

plished with a magnetic stir bar. With pH-stat, the donor volume can be 60–

200 ml, resulting in an A/V ratio of 0.48–0.145 cm-1. If pH-stat is not neces-

sary or a high-strength buffer is used (as in Paper IV), the donor volume can 

be decreased to 20 ml without completely sacrificing stirring, which yields an 

A/V ratio of 1.45 cm-1, which is close to the estimated unenhanced ratio in the 

small intestine.131 The ENA device was used in Papers I, III–IV with LiDo 

membrane and with Caco-2 and MDCK II cell monolayers in Paper III. 

SEDDS were dispensed into the device with a pipette (Paper I) or with a sy-

ringe (Papers III–IV). 
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Figure 6. Schematic representation of the ENA device. Two jacketed glass chambers 
in vertical orientation are separated by a semi-permeable membrane. The donor 
compartment (top) fits a propeller for overhead stirring as well as a burette and pH-
electrode for pH-stat operation during lipolysis. The receiver compartment (bottom) 
medium is stirred with a magnetic stir bar. 

Total internal reflection fluorescence (TIRF) microscopy format 

In Paper II, a type of lipolysis-permeation experiment was performed under 

a fluorescence microscope parallel to the “bulk” assays carried out in the 6-

well format. For a description of the format, see the earlier description of the 

FRAP assay. In short, LiDo was applied to a cover glass that had been spin-
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coated with a thin layer of PVDF. Enclosing the membrane was a ring made 

out of PDMS, allowing for a donor volume of ~100 µl. Experiments here were 

carried out in the same way as in the FRAP assay, except that SEDDS were 

loaded with felodipine, and fluorescence emission intensity was followed over 

time with excitation via total internal reflection. A DAPI and a CFP filter set 

(Semrock) was used for measurement of emission from felodipine and LY 

respectively. In all other regards, the instrument setup was the same as in the 

FRAP assay. 

TIRF microscopy restricts excitation to a very narrow plane (Δz 100–300 

nm) and thus allows for a higher resolution along the z-axis, which is achieved 

by preventing light from actually passing through the sample. When light 

passing through a higher refractive index material encounters a boundary to a 

lower refractive index material, e.g. cover glass and PVDF film, it is subjected 

to total internal reflection if the angle of incidence is sufficiently oblique. An 

evanescent wave extends along the surface normal, but decays rapidly and 

thus only excites fluorophores very close to the point of reflection (Figure 

7).126,132 This technique allowed us to record the concentration of felodipine 

and LY molecules within the pores of the PVDF film approximately 500 nm 

thick. Our hypothesis was that results from this technique should be similar to 

quantifying the concentration of the receiver medium in bulk lipolysis-perme-

ation assays. Furthermore, we hypothesized that this technique would show 

more clearly if any smaller disruptions (such as aqueous pore formation) in 

the membrane occurred.  

Cell culture 

Caco-2 cells (American Type Culture Collection) were cultivated in an atmos-

phere of 90% air, 10% CO2, and at 95% relative humidity according to estab-

lished protocol.87 Cells from passage 95–105 were seeded on Transwell inserts 

with polycarbonate filter (0.45 µm pores) in 100 mm dish format (Corning) at 

a density of 170,000 cells/cm2 in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% foetal calf serum, 1% minimum essential 

medium non-essential amino acids, penicillin (100 U/ml), and streptomycin 

(100 µg/ml). Monolayers were used between day 21 and 26 after seeding. 

MDCK II cells (American Type Culture Collection) were cultivated at 

37°C in an atmosphere of 95% air, 5% CO2, and at 95% relative humidity, as 

previously described.85 The cells were seeded on Transwell inserts (100 mm 

dish) at densities of 113,000 and 170,000 cells/cm2 in DMEM containing Glu-

tamax and 10% foetal bovine serum. Monolayers were used for experiments 

on day 4 after seeding. 
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Figure 7. Schematic representation of total internal reflection fluorescence (TIRF) 
microscopy used with LiDo membrane (light yellow) on a PVDF-coated (grey wavy 
lines) cover glass (slate blue). SEDDS (orange circles) loaded with felodipine (black 
dots) were dispersed in FaSSIF and digested by porcine lipase extract (green sym-
bols). Total internal reflection of incoming light (red arrows) does not pass into the 
sample but emits an evanescent wave (red horizontal stripes) which rapidly decays, 
only exciting fluorophores in close proximity to the cover glass. 

 



 35 

Results and Discussion 

Compatibility of semi-permeable membranes with the 

lipolysis assay 

Selecting a biomimetic membrane (Paper I) 

Initially, HDM was selected as a promising artificial membrane model to be 

used for lipolysis-permeation assays. HDMs are easily prepared and had often 

been used within our lab for comparison to cellular monolayers. However, it 

quickly became apparent that HDMs poorly withstood the digested media. In 

initial semi-static lipolysis integrity assays, trans-epithelial electrical re-

sistance (TEER) measurements showed that digested emulsions of a type IIIB-

MC SEDDS rapidly reduced the electrical resistance of the membrane (Figure 

8). Especially conspicuous was the sample taken after 15 min (corresponding 

to 60% digestion) which decreased the resistance down the same level as no 

membrane at all within 30 min of contact.  

Figure 8. Results of initial hexadecane membrane (HDM) integrity when exposed to 
inhibited digests of a IIIB-MC SEDDS emulsion. (a) Digestion kinetics. Dotted ver-
tical lines show the sampling points during dispersion (-2 min), and during digestion 
after 15 min and 45 min (0%, 60% and 70% digestion, respectively). Shaded out-
lines of curves show the standard deviation (n = 3). (b) Recorded trans-epithelial 
electrical resistance (in ohm) over HDM when exposed to different matrices. Shaded 
outlines of curves show the standard deviation (n = 2–3). 
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These results led to further studies of HDM as well as GIT-0 membranes on 

different filter supports and receiver medium additives. LY flux was then used 

to gauge the loss of integrity instead of TEER. At this stage, the area under 

the curve (AUC) of the appearance of LY in the receiver medium was used, 

with a cut-off value of 1 min·nmol/cm2. In continued semi-static integrity as-

says with polycarbonate-filter supported membranes, flux of LY showed 

much the same pattern as the TEER measurements for HDM (Figure 9a). 

GIT-0 membranes evinced higher resilience, but at certain matrix composi-

tions, these were still disrupted. The composition of the receiver medium was 

shown to be important as addition of the anionic surfactant SDS disrupted the 

membrane when the donor medium contained SEDDS (Figure 9b). However, 

without additive (Figure 9c). or with at 4% (w/w) BSA (Figure 9d), the dis-

ruptive effects of SEDDS were less pronounced. 

Figure 9. Permeated Lucifer yellow (LY) area under the curve (AUC, 15–60 min). 
Panels show results for different polycarbonate-filter supported artificial mem-
branes, with different receiver media additives: (a) hexadecane membranes, (b) 
GIT-0 membranes with 1% sodium dodecyl sulphate (SDS) in the receiver medium, 
(c) GIT-0 membranes without receiver medium additive (10 mM phosphate buffer), 
and (d) GIT-0 membranes with 4% (w/w) bovine serum albumin (BSA) in receiver 
medium. X-axis: Matrix compositions (lipolysis sampling points) and control condi-
tions for: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (n = 2–4). 
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Following these results, dynamic lipolysis integrity assays with BSA as addi-

tive in the receiver medium were performed. The hypothesis was that since 

the disruptive matrix appeared to be transient, with only the 5 min lipolysis 

sample disrupting the membrane, this matrix would not exist long enough to 

cause disruption in an uninhibited lipolysis setting. This hypothesis proved to 

be incorrect for polycarbonate-filter supported membranes (Figure 10). The 

use of PVDF filters to support HDMs seemingly worsened the resilience. 

LiDo, which was used for the first time here, showed great resilience on PVDF 

support. For LiDo on PVDF, the flux of LY was no longer detectable, indicat-

ing compatibility with the lipolysis assay for at least 110 min. These results 

should also be valid for GIT-0, given the similarity between LiDo and GIT-0 

as shown further on. 

Figure 10. Permeation of Lucifer yellow (LY) through hexadecane membranes 
(HDM, blue), GIT-0, and LiDo membranes (red) supported on polycarbonate 
(dashed lines) or PVDF filters (solid lines, triangles). Lipolysis was by either pan-
creatin extract (open symbols) or Novozym 435 (closed circles). The receiver me-
dium consisted of phosphate buffered saline with 4% (w/w) bovine serum albumin. 
Arrows show where AUC for each profile equals 1 min·nmol/cm2, meaning that the 
integrity criterion was exceeded in that moment. 

Additionally, the use of the immobilized lipase Novozyme 435 (12.5 mg/ml) 

was explored for membranes supported by polycarbonate filters. Interestingly, 

the immobilized lipase reduced the flux of LY across both HDM and GIT-0 

membranes. In all likelihood, this effect was due to the slower rate of digestion 

as compared to the 660 TBU/ml pancreatin extract, as shown in Paper IV and 

reported by Keemink and Bergström.133 Because pancreatin extract is the most 
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commonly used lipase product for in vitro lipolysis assays, it was used to-

gether with LiDo membranes (supported on PVDF filters) in the in vitro lipol-

ysis-permeation assay of fenofibrate-loaded SEDDS in Paper I. 

Results from these experiments showed no signs of membrane integrity 

loss for at least 30 min of lipolysis. After this period, inconsistencies between 

replicates were seen, with instances of increasing fenofibrate flux in some 

cases (Figure 11). No increases in the flux of LY were observed, however. 

The pH in the donor media did not indicate reduced integrity of the LiDo ar-

tificial membrane either, but was on occasion instable due to some incompat-

ibility between the electrode and membrane. Yet, inconsistent and increasing 

flux of fenofibrate at the 40 min mark raised the suspicion that the membrane 

might be damaged at this point. 

Figure 11. Flux of fenofibrate over LiDo membrane in ENA lipolysis-permeation 
assay with 660 TBU/ml activity (from porcine pancreatin extract). Individual repli-
cates shown from 0–100 min of (a) IIIA-MC, (b) IIIA-LC, and (c) type IV SEDDS. 
Grey shaded areas show the time of dispersion prior to lipolysis.  

Mechanistic studies of SEDDS and interaction with the LiDo 

artificial membrane (Paper II) 

Following the suggestion of reduced LiDo membrane integrity after lipolysis 

in Paper I, an investigation into SEDDS interaction with the membrane dur-

ing lipolysis was carried out in Paper II. Here, methods from biophysics were 

combined with lipolysis-permeation assays on the same formulations used in 

Paper I (IIIA-MC, IIIA-LC and type IV), but loaded with felodipine. In addi-

tion, a poorly emulsifying lipid carrier (I-MC) was studied in this context. Li-

polysis was performed using 100 TBU/ml of porcine lipase extract. 

During 37°C lipolysis-permeation assays, felodipine had the highest trans-

membrane flux when loaded in the more hydrophilic SEDDS IIIA-MC and IV 

(Figure 12). The flux was lowest when loaded in the I-MC formulation and 

was strongly dependent on the energy input for dispersing the formulation and 

thus the droplet size. Increased flux of felodipine when loaded in the IIIA-MC 

formulation also appeared to coincide with a reduction in droplet size and in-

crease in digestion rate, which was observed after 20 min of lipolysis (Figure 
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13). After 45 min of lipolysis, the rate of lipolysis increased sharply, but was 

at this point accompanied by increased droplet size and reduced flux of felodi-

pine. 

Figure 12. FEL concentration in receiver medium in lipolysis-permeation experi-
ments at (a) 37°C and orbital shaking and (b) room temperature and no shaking. In-
serts show the receiver profiles for SEDDS integrated as area under the curve (AUC, 
0–70 min). Closed symbols show profiles of FEL loaded in SEDDS. Open symbols 
show the profiles of FEL when loaded in pure medium-chain triglycerides (I-MC) 
and dispersed through vortexing (triangles), high-shear mixing (squares), or direct 
dispensing into inserts prefilled with FaSSIF (diamonds). Data shown as mean and 
standard deviation (coloured shaded area). Grey shaded areas show the time of dis-
persion prior to lipolysis.  

Normally, the rate of lipolysis is inversely correlated with droplet size, as li-

pases are active on the interface. Smaller droplets have a larger area per vol-

ume and are therefore more accessible for lipases. The positive correlation 

between digestion rate and droplet size seen in Figure 13 (after 45 min) is 

therefore likely indicative of lamellar phase generation rather than coales-

cence of the droplets, a phenomenon described previously by Phan et al. for a 

similar situation.134 In their study, the triglyceride excipient Captex 335 was 

dispersed at 50 mM in simulated intestinal fluid, and digested by pancreatin 

extract at an activity of 1000 TBU/ml. The colloidal structuring was followed 

over time using on-line synchrotron small angle x-ray scattering (sSAXS) and 

cryogenic transmission electron microscopy (cryo-TEM). After 20 min of di-

gestion, the rate of lipolysis increased. After 30 min of lipolysis, the rate of 

lipolysis decreased again, which coincided with the gradual generation of a 

lamellar phase. Notably, no lamellar phases were seen at 10 mM triglyceride 

concentration or when bile salt concentration was increased from 5 mM to 20 

mM (corresponding to fasted and fed state levels). 
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Figure 13. IIIA-MC SEDDS dispersed in FaSSIF and porcine lipase extract. (a) Left 
Y-axis: Droplet size (squares) and percentage solubilized felodipine (inverted trian-
gles) over digestion time. Right Y-axis: Extent of digestion (circles) and permeated 
felodipine (triangles). Data shown as mean and standard deviation (coloured shaded 
areas). (b) Photograph of a sample from the donor medium after 50 min lipolysis, 
showing a cracked emulsion. 

There was also a clear temperature dependency on the receiver exposure rank-

ings between SEDDS. At room temperature, flux of felodipine was signifi-

cantly lower when loaded in the IIIA-MC SEDDS as compared to IIIA-LC 

and type IV. This shift was likely connected to the extent of lipolysis achieved 

over 60 min, which was decreased by as much as 50-fold at room temperature. 

Solubilisation was not noticeably affected by temperature, and the droplet size 

was stable at room temperature. Thus, it would appear that lipolysis triggered 

release of felodipine from the IIIA-MC SEDDS, by altering the solubilizing 

environment. 

In QCM-D experiments, the medium-chain formulations appeared to inter-

act with the membrane more than the long-chain and type IV SEDDS. At ap-

proximately 30 min of lipolysis, strong fluctuations in the thickness or density 

of the film on the sensor was recorded with IIIA-MC (Figure 14a), possibly 

related to the decrease in droplet size observed after a similar time of lipolysis 

(Figure 13). Changes in thickness or density were also recorded for the IIIA-

LC SEDDS during lipolysis, but not until 90 min of lipolysis (Figure 14b). 

For the type IV SEDDS, no interactions with the membrane were observed 

(Figure 14c). The type I formulation showed a very different profile initially 

(Figure 14d), as compared to the SEDDS dispersions. In the dispersion stage, 

no rheological changes were apparent with the I-MC formulation, as opposed 

to the SEDDS. When lipase was added, a drastic increase in thickness or den-

sity of the sensor film was observed. Poor dispersibility of the I-MC formula-

tion is the most likely explanation for these observed differences. Once the 
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lipase was added, released surface-active species stabilised the lipid droplets 

and allowed them to enter the QCM-D cell. After approximately 55 min of 

lipolysis, the I-MC profile started showing similar fluctuations as seen with 

the IIIA-MC SEDDS. In conclusion, monoglyceride and fatty acid release 

seemed to be an important promotor of membrane interactions. 

Figure 14. Frequency (Hz, red) and dissipation (10-6, blue) change over time from 
quartz-crystal microbalance with dissipation (QCM-D) monitoring. Shaded area rep-
resent stages of the experiment: (i) n-dodecane, (ii) reservoir change to LiDo, (iii) 
reservoir change to lipid-based formulation dispersed in FaSSIF, and (iv) porcine li-
pase extract added to dispersion and closed loop circulation established. (a) IIIA-
MC, (b) IIIA-LC, (c) type IV, and (d) I-MC. Representative replicates of triplicate 
experiments are shown 

The patterns seen during QCM-D experiments were to some extent matched 

by the diffusivity of phospholipids in the membrane as measured by FRAP 

method in a fluorescence microscope. In digestion medium free of SEDDS, a 

high diffusivity was observed, with a spike after 45 min (Figure 15a). The 

diffusivity was overall somewhat lower when the lipid-based formulations had 

been dispersed in the medium, but similar spikes in diffusivity were observed 

with the IIIA SEDDS. A significant spike was observed when IIIA-MC had 

been digested for 30 min (Figure 15b), while the diffusivity in the LC SEDDS 

medium (Figure 15c) was more similar to pure FaSSIF. No spikes were seen 
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for the type IV (Figure 15d) or I-MC (Figure 15e) formulations. The micros-

copy experiments were at room temperature and are therefore unlikely to de-

pict the same events observed in QCM-D. Nonetheless, the data from FRAP 

experiments suggests differential modulation of phospholipid diffusivity in 

the LiDo membrane by different SEDDS. 

Figure 15. Diffusivity of rhodamine B-labelled dioleyl phosphoethanolamine 
(DOPE) in the LiDo artificial membrane as measured by fluorescence recovery after 
photobleaching (FRAP) method. Panels show the diffusivity profiles from 0–60 min 
when the membrane was in contact with (a) FaSSIF and porcine lipase extract, (b) 
IIIA-MC, (c) IIIA-LC, (d) type IV, and (e) type I-MC SEDDS dispersed in FaSSIF 
and porcine lipase extract. Data shown as mean and standard deviations (coloured 
shaded areas). 

 

TIRF microscopy was used to quantify the relative permeation of felodipine 

and LY into the basal side of the membrane. In these experiments, the IIIA-

LC and type IV SEDDS promoted a higher exposure of felodipine than IIIA-

MC in the membrane (Figure 16). This observation corresponded well to the 

bulk lipolysis-permeation experiments conducted at similar conditions, i.e. 

room temperature and no stirring. Practically no permeation of LY was ob-

served over 60 min lipolysis. Some indentations were visually observed in the 

membrane using epifluorescence microscopy, but were not visible in TIRF. In 

other words, the observed indentations did not extend far enough through the 

membrane to form aqueous pores. Thus there were no indications of reduced 

membrane integrity under these conditions, which was also corroborated by 

the diffusivity profiles. It should be mentioned, however, that these conditions 

were very much milder in terms of enzymatic activity compared to those in 

Paper I.  
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Figure 16. Felodipine (FEL) and Lucifer yellow (LY) in the basolateral side of the 
LiDo artificial membrane, measured by total internal reflection fluorescence (TIRF) 
microscopy. FEL was loaded in SEDDS, dispersed in FaSSIF with porcine lipase 
extract. LY was present in the FaSSIF in separate experiments with blank SEDDS. 
Data shown as mean and standard deviations (coloured shaded areas). 

 

Compatibility of MDCK cells with lipolysis (Paper III) 

While promising results have been shown with Caco-2 monolayers in lipoly-

sis-permeation assays for SEDDS,29,77 no such attempts have been made with 

MDCK cells. The MDCK cell line offers potential advantages over Caco-2, 

as discussed in the Introduction. Two different seeding densities were ex-

plored by conducting in vitro lipolysis-permeation assays in the ENA device. 

The abilities of the various-density monolayers to maintain their barrier prop-

erties during lipolysis were evaluated by LY and proton permeation (the latter 

as pH drift), as had previously been done for Caco-2.77 At the lower seeding 

density, exposure to FaSSIF and Novozym 435 resulted in no detectable flux 

of LY, while the pH slowly increased by 0.14 pH units over 90 min of lipoly-

sis, possibly due to evaporation of CO2 from the medium (Figure 17a). When 

a type IV SEDDS was dispersed in FaSSIF together with Novozym 435, LY 

was detected in the receiver medium and an inflection point in the flux of LY 

was observed after 25 min.  

At the higher seeding density (incidentally the same has previously been 

used for Caco-2 monolayers)77, a corresponding inflection point was not ob-

served until after 60 min with the type IV SEDDS, and only in a single repli-

cate (Figure 17b). There was no clear increase of the pH. These monolayers 

were therefore tested with the triglyceride-containing type IIIA-MC and IIIA-

LC SEDDS. Here, the results varied, but the flux of LY was mostly low and 

pH increase absent. In a few cases, inflection points in the flux of LY were 
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observed after 30–50 min and pH increases in the same period. Thus, the 

higher seeding density of MDCK II monolayers appeared compatible with the 

lipolysis-permeation assay for at least 30 min. 

 

Figure 17. Flux of Lucifer yellow (LY, dashed lines) and pH (crosses) in the donor 
medium over time, at (a) low and (b) high seeding density. Individual replicates 
shown, (a) n = 1 and (b) n = 5–7. 

 

Potential mechanisms of membrane integrity loss 

There have been unconfirmed (and as of yet unpublished) reports of mi-

cronized felodipine particles causing damage to cell monolayers and the LiDo 

artificial membrane in lipolysis-permeation assays. Smaller particles can drift 

closer to the membrane surface,135 and there possibly cause abrasion or locally 

high concentrations that might be toxic to a cell monolayer. However, more 

information is required before any conclusions can be drawn concerning this 

potential issue. No membrane integrity issues were observed in Paper IV, 

where crystalline carvedilol was assayed with LiDo, nor in the study by Alskär 

et al. where a similar assay was performed with Caco-2 monolayers.111 

Other than interaction with particulate solids, it is likely that high enzy-

matic activity from components in porcine pancreatic extracts is a risk factor 

for membrane damage in these assays. Of those components, pancreatic tri-

glyceride lipase generally receives the most attention in the context of lipoly-

sis assays.136 However, as this enzyme is generally selective towards ester 

bonds in the 1,3-position of acyl glycerols,137 other components are more 

likely to be perpetrating membrane damage. Phospholipase A2 (PLA2) is a 

prime suspect on account of its selectivity towards diacyl phospholipids,138 

which are present in high concentrations within the LiDo artificial membrane, 

as well as cellular membranes. It is conceivable that when the activity is suf-

ficient, diacyl phospholipids in the membrane are converted to monoacyl 

phospholipids. It is not clear how the dodecane affects PLA2, but the enzyme 

is highly active on ordered interfaces such as that of micelles and liposomes.138 
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In combination with the presence of digestion products from the SEDDS, such 

as fatty acids and monoacyl glycerides, PLA2 might affect the permeability 

of the membrane.  

In the case of Novozyme 435, the only enzyme present is recombinant Can-

dida antarctica lipase B that has been immobilized on resin beads.139 The hin-

drance imposed by the beads is likely sufficient to explain why Caco-2 cells 

are compatible with Novozyme 435 but not with porcine pancreatin,133 alt-

hough phospholipid digestion seems a likely cause of incompatibility. As all 

the lipolytic enzymes present in the gastro-intestinal tract are probably im-

portant,136,140 it is worthwhile to determine any incompatibilities more defini-

tively. Alternatively, the activity of PLA2 could be reduced by omitting cal-

cium from the buffer.138 However, calcium is an important component for fa-

cilitating lipolysis by removing fatty acids from the interface of lipid drop-

lets.141 Thus, further studies on simultaneous lipolysis-permeation using 

cellular monolayers at different concentrations of porcine pancreatin extract 

should be considered. Supplementing the extracts with additional co-lipase is 

also a possible strategy, to increase the activity of pancreatic triglyceride li-

pase in relation to phospholipase activity.142 This must be balanced against 

sensitivity to monoglycerides and fatty acids, which have been shown to be 

detrimental to Caco-2 monolayers in concentrations greater than 0.125% 

(w/v).133 These concentrations are reached in minutes at intestinal lipase ac-

tivity. A lower overall lipase activity will reduce the exposure of surface-ac-

tive lipids, and thus, allow sufficient time for a lipolysis-permeation assay be-

fore the monolayers lose their integrity. 

Comparative analysis of GIT-0 and LiDo membranes 

Analysis of the relative abundance of phospholipids in GIT-0 and LiDo by 

mass spectrometry showed only minor differences between relative abun-

dance of six phospholipid species in the commercial and the in-house prepared 

solutions. The cumulative difference was 10% which could be argued as fall-

ing within batch variability of the source material and analytical error margins. 

For the functional comparison, no differences in the rate or extent of fe-

lodipine dissolution were seen for either membrane, which was expected, as 

the effect on donor compartment should be negligible. No significant differ-

ence was observed for the flux of felodipine, though permeation across LiDo 

was more variable and on average slightly higher. Thus some differences be-

tween LiDo and GIT-0 could exist, although they are unlikely to have a large 

impact on results.  
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Solubility of felodipine in excipients and SEDDS 

In order to select an appropriate loading ratio for felodipine in Paper II, equi-

librium solubility (37°C) in the excipients was determined and used to predict 

solubility in the SEDDS. Although only the IIIA-LC SEDDS was used as con-

trol, the predicted solubility was found to be accurate within 0.2 log units. 

Solubility of felodipine in the excipients olive oil and Miglyol 812 was within 

0.1 mol% of solubility in the similar excipients soybean oil and Captex 355 

from previous determinations.46 High similarity in solubility was expected, 

considering that the lipid composition of these excipients are also highly sim-

ilar, based on manufacturer information and database records.143 Solubility of 

felodipine in non-ionic surfactants was however found to differ significantly 

between Tween 85 and Tween 80, as well as between Kolliphor RH40 and 

Kolliphor EL. The chemical structure of these surfactants are similar, but dif-

fer in their hydrophilic-lipophilic balance (HLB) values. In Paper II, reduced 

equilibrium solubility for felodipine was found in surfactants with lower HLB-

values despite the high affinity to lipids. 

Predicting in vivo performance from in vitro data 

Caco-2 cells have successfully been utilized to predict the equal performance 

of three fenofibrate-loaded SEDDS in landrace pigs.75,77 Following this result 

and the identification of an artificial membrane that was compatible with li-

polysis assay conditions, a similar attempt was made to predict the perfor-

mance of the SEDDS using this artificial membrane in the ENA device (Paper 

I). The assay parameters were mostly identical to the Caco-2 study, but a high 

activity of porcine pancreatin extract (660 TBU/ml) was used instead of No-

vozym 435, as the former is the de facto standard for in vitro lipolysis of 

SEDDS. In addition, separation of phases in the donor samples was done by 

filtration instead of centrifugation, as reported by Stillhart et al. to be a poten-

tially more accurate method.70  

The results however, were less impressive than what been shown with 

Caco-2. The rank-order of permeated fenofibrate AUC was the same as for 

solubilized fenofibrate (Figure 18), unlike the plasma AUC rank-order that 

showed no difference between the SEDDS. Thus, the type IV formulation was 

severely underestimated in the LiDo-based in vitro set-up. A possible expla-

nation for these results could be that the assay was not run for long enough, 

only 40 min of the total assay time (90 min) was used for the comparison with 

in vivo results. As previously mentioned, the variability between replicates 

became substantial in the period after 30 min of lipolysis. On a side-note, fil-

tration did not appear to produce different results than centrifugation when 

solubilized fenofibrate over time was quantified. The emulsion generated by 



 47 

the long-chain SEDDS was difficult to filter, however, because of a higher 

backpressure. 

Figure 18. Results from lipolysis-permeation assay of SEDDS loaded with feno-
fibrate. Bars show the normalized area under the curve (AUC, 0–40 min) of feno-
fibrate solubilized in donor (left) and permeated (right) over a LiDo artificial mem-
brane over time. The dashed horizontal line shows the ideal height of the bars for 
prediction of in vivo results (Griffin et al. 75). Error bars show the standard deviation 
(n = 3). **p < 0.01, ****p < 0.0001  

In Paper III, the study was repeated but with Novozym 435 as the lipase 

product. A parallel study with MDCK II monolayers was explored at this time 

as well. Here, the results with LiDo membrane were better, showing no sig-

nificant difference in the receiver AUC rankings when fenofibrate was loaded 

in the three SEDDS, corresponding to the in vivo data from pigs (Figure 19). 

The erratic profiles observed previously with the high activity of lipase from 

porcine pancreatin extract were not observed either. Thus, a lower activity of 

a recombinant fungal lipase (lipase B from C. antarctica)139 provided better 

results than a higher activity of lipases from porcine origin.  

Results from the MDCK study were less accurate, with performance of the 

type IV SEDDS being significantly overestimated in this model. This result 

was unexpected, as we believed MDCK II monolayers would be similar to 

Caco-2 monolayers in this regard. It is not clear why MDCK would produce 

different results, but higher sensitivity to the lipolysis conditions could be a 

factor. 
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Figure 19. Area under the curve (AUC) of permeated fenofibrate (FEN) and feno-
fibric acid (FA) for different in vitro absorption models used in ENA lipolysis-per-
meation assays. aCaco-2 data (Keemink et al.)77 included for comparison. bPlasma 
AUC from pigs (Griffin et al.)75 included as the comparator for predictive accuracy. 
AUCs are normalized by the sum of values within each group for clearer compari-
sons between different models (groups). *p < 0.05, **p < 0.01, ***p < 0.001, 
(n = 3–6). 

There was also a much lower flux of fenofibrate over MDCK II monolayers 

than over Caco-2 and LiDo. This result was also unexpected, as Caco-2 and 

MDCK monolayers are similarly passively permeable, but exceptions ex-

ist.144–146 This result could be because of the prodrug nature of the studied 

drug.  

Fenofibrate is a propyl ester prodrug of the active form fenofibric acid (Fig-

ure 20). In vivo, fenofibrate is converted into fenofibric acid, most likely in 

the liver by carboxyl ester hydrolase 1 (CES1), which is predominantly ex-

pressed there and not in the intestine. While the isoform CES2 is expressed in 

the intestine, CES2 is also inhibited by fenofibrate.147 Caco-2 cells, however, 

mostly express the hepatic CES1,148,149 which leads to fenofibrate being hy-

drolysed intracellularly in vitro when these monolayers are used. This process 

was clearly observed in the study by Keemink et al., in which fenofibric acid 

was several times more abundant in the receiver medium than fenofibrate.77 

In the MDCK studies, however, very little fenofibric acid was detected in the 

receiver medium. MDCK II cells have been reported to express CES1,150 but 

expression of this enzyme was not found in the cells used in our study.151 Thus, 

fenofibrate was hydrolysed in the lipolysis-permeation assays with Caco-2 

monolayers, but not with MDCK II monolayers or LiDo artificial membranes. 
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It is conceivable that in the cell-based models, the flux of fenofibrate and 

its metabolite is increased by intracellular hydrolysis by CES1. Because fen-

ofibric acid has a pKa of 3–4, it will be mostly ionized in the cytosol. Thus, 

its solubility is likely to increase and so the concentration gradient will be 

steepened between the apical membrane and the cytosol. Fenofibric acid is 

still somewhat lipophilic, and it is therefore likely that it could still permeate 

the basolateral membrane even when mostly ionized. This possibility could 

also partly explain the lower relative flux of fenofibrate when formulated in 

the digestible IIIA SEDDS as compared to non-digestible type IV SEDDS, as 

seen in the MDCK studies. Intracellular lipid retention might cause a higher 

retention of fenofibrate than of fenofibric acid, thus lowering the total flux in 

the MDCK model when fatty acids were available for absorption.  

Figure 20. Structure of (a) the prodrug fenofibrate and (b) its active form fenofibric 
acid. The red dashed line shows where hydrolysis takes place to change fenofibrate 
into fenofibric acid. 

In Paper IV, a study by Alskär et al.29 was emulated using the LiDo mem-

brane for lipolysis-permeation assays. In that study, a single SEDDS in differ-

ent combinations with the weak base carvedilol was studied in vivo in Labra-

dor dogs and in vitro in lipolysis-permeation assays with Caco-2 monolayers 

in the ENA device. The results of this animal study showed equal oral bioa-

vailability of carvedilol when administered loaded in SEDDS (25 mg/1 g), 

and when crystalline carvedilol was co-administered at the same amount with 

a blank SEDDS (25 mg + 1 g). Co-administration with a lower amount of 

SEDDS (25 mg + 0.5 g) resulted in lower bioavailability. The rankings of flux 

AUC from lipolysis-permeation assays were similar, with the loaded SEDDS 

causing significantly higher flux than when crystalline carvedilol was co-ad-

ministered with 0.5 g of blank SEDDS. The flux when carvedilol was co-ad-

ministered with 1 g of SEDDS was in between, but not significantly different 

from the loaded SEDDS condition.29 

Our goal in Paper IV was to explore different lipolysis-permeation assay 

formats as well as the effect of different lipase products (specifically those 

used in Papers I–III) with matched activity at 50 TBU/ml, as previously used 

with Novozym 435 in Paper III. An attempt was made at improving the sta-

bility of the pH-electrodes by increasing the donor volume in the ENA device 

to 100 ml, thus allowing for increased distance between electrode and mem-

brane. This adjustment did not appear make any difference, and a high-
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strength buffer was therefore used instead of pH-stat operation to maintain pH 

during lipolysis.  

Replacing active pH-control with passive control enabled reduction of the 

donor volume from 60 ml to 20 ml in the ENA device, thus increasing the A/V 

ratio to 1.45 cm-1. At the same time, this new set-up allowed for more direct 

comparisons with smaller scale lipolysis-permeation assays in the 6-well 

PALS format (V = 2.15 ml, A = 3.13 cm2, A/V = 1.46 cm-1). However, the use 

of a strong buffer might increase the dissolution rate of carvedilol.152 

In the ENA format, rankings of the administration conditions, by exposure 

of solubilized carvedilol in the donor medium, differed depending on the used 

lipase product (Figure 21a). The results may seem reasonable considering the 

differences between the products. Porcine pancreatin extract and porcine li-

pase extract have the same source and ought to contain approximately the 

same components, whereas Novozyme 435 consists of a single non-mamma-

lian lipase. However, the results were unexpected, because Novozym 435 and 

porcine pancreatin extract had not led to differences in solubilisation ranking 

in Papers I and III. The use of the porcine lipases resulted in equal ranking 

of the administration conditions to the relative bioavailability seen in the dog 

study by Alskär et al. 

Receiver AUC (Figure 21b) rankings did not correspond well to the solu-

bilisation rankings of carvedilol, which was somewhat expected based on pre-

vious results. What was unexpected, however, was that receiver AUC rank-

ings did not correspond to the bioavailability rankings either. Novozym 435 

and the porcine lipase type II extract seemingly disfavoured the effect of 

SEDDS. The most accurate receiver ranking was obtained with porcine pan-

creatin digestion, although less accurate than what had been obtained from the 

donor medium measurements. However, solubilized API over time is known 

to be an unreliable indicator of in vivo performance,27 and should be inter-

preted with caution.  

Another conclusion from these assays was that the flux of carvedilol was 

significantly dependent on the lipase product used for digestion. Novozym 

435 resulted in the lowest overall flux, followed by porcine lipase type II ex-

tract, and the highest overall flux was achieved under digestion by porcine 

pancreatin 8×USP. These results supports the hypothesis from Paper II, 

namely that digestion is of high importance for the absorption of an API for-

mulated in SEDDS. The results also clearly demonstrates the importance of 

standardizing lipase activity and type for lipolysis-permeation assays. 
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Figure 21. Area under the curve (AUC, 0–70 min) for carvedilol (a) solubilized in 
donor medium over time and (b) permeated over LiDo membrane in ENA lipolysis-
permeation assay. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, (n = 3). 

 

In the PALS format, the flux was significantly lower than in the ENA device 

despite the equal relative parameters such as A/V ratio. The orbital stirring is 

likely to be the main cause of the reduced flux as it is less effective than over-

head stirring. With digestion by Novozyme 435, no significant differences 

were seen among the AUCs of the different formulation conditions (Figure 

22). Significant differences were, however, seen with lipolysis by products of 
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porcine origin. Ranking from lipolysis by porcine lipase type II underesti-

mated the loaded SEDDS condition. Following digestion by pancreatin in 

PALS, the ranking was identical to what was seen in the ENA pancreatin as-

say, underestimating performance of crystalline carvedilol co-administered 

with equal amount of blank SEDDS to the loaded condition.  

The low donor volume likely caused problems for Novozym 435. It was 

observed that the beads (on which lipase is immobilized) tended to aggregate 

and stick to the edges of the ENA donor vessel, and it is possible that this lack 

of mixing reduced the rate of lipolysis. As reported by Alskär et al., digestion 

of the dispersed SEDDS increased the equilibrium solubility of carvedilol. A 

reduced rate of digestion could therefore have limited the effect of the formu-

lation. Furthermore, the activity of the different lipase products was matched 

based on digestion of tributyrin. As the SEDDS in Paper IV contained only 

long-chain lipids, the lipase activity might not have been as well matched as 

initially believed. These factors may explain the anomalous results of the No-

vozym 435 assays. Differences in results between porcine lipase-mediated and 

porcine pancreatin-mediated lipolysis are harder to explain though. While this 

specific porcine pancreatin product has recently been characterized,142 the por-

cine lipase (type II) has not. Though they should contain the same constituents, 

the relative amounts of those constituents likely differ and therefore enzymatic 

activities towards different lipid species also differ.  

 

Figure 22. Area under the curve (AUC, 0–70 min) for carvedilol permeated over 
LiDo membranes in PALS lipolysis-permeation assay. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, (n = 3). 
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Conclusions 

This thesis presents improved understanding of the use artificial membranes 

in lipolysis-permeation assays of self-emulsifying drug delivery systems. 

Through these experiments, we have learned much more about the effects of 

various assay formats and lipase products on the outcome of assays for the 

prediction of in vivo performance of orally-administered SEDDS. Further-

more, we have also learned more about the drug release mechanism of differ-

ent lipid-based formulations. In sum, this work of this thesis should support 

the development of better in vitro methods for predicting SEDDS performance 

through our better understanding of mechanisms that mediate drug absorption 

and variables that influence the outcome of assays.  

From this thesis, it can be concluded that: 

 Not all artificial membranes are compatible with lipolysis conditions, but 

those based on phospholipids in dodecane and supported on PVDF filters 

show resilience to lipolysis (Paper I).  

 

 The conditions typically used for in vitro lipolysis assays may not be ap-

propriate for lipolysis-permeation assays (Papers I and III). 

 
 Cell lines that appear to be highly similar (Caco-2 and MDCK) may give 

significantly different results in lipolysis-permeation assays (Paper III).  

 

 Lipase products that appear to be highly similar may give significantly 

different results in lipolysis-permeation assays, with a larger effect on the 

absorption than the solubilisation of the API (Paper IV). 

 
 Absorption rates of drugs from coarse lipid dispersions are correlated with 

droplet size when the size difference is large. For droplets of similar sizes, 

e.g. within a 100 nm span, absorption rates are affected more by the com-

position of the droplets than the size (Paper II). 

 

 Lipolysis can have a significant effect on the size and structure of SEDDS 

droplets (Paper II). 
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 SEDDS interact with an artificial membrane even when enzymatic activ-

ity is very low, but the interaction is increased when the extent of lipolysis 

is high. In other words, fatty acids and monoglycerides promote the inter-

action more than triglycerides (Paper II).  

 

 The LiDo artificial membrane is not compatible with all pH-electrodes, 

which complicates lipolysis-permeation assays with ionisable drugs (Pa-

pers I, III and IV). 
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Future perspective 

The absorption process of drugs when formulated in SEDDS is a complicated 

interplay between physical and enzymatic processes that are difficult to cap-

ture both in vitro and in silico. To date, no attempts at performance predictions 

have been made using computational simulation (the problem is simply too 

complicated given current computational limits), which means that in vitro 

methods remain the most accessible for predicting performance. However, 

these techniques are also limited by our understanding of the mechanisms in-

volved. Better understanding of the mechanisms could pave the way for more 

reductive in silico models and more reliable in vitro assays.  

Based on the results presented in this thesis, lipid digestion seems to have 

an important role in both solubilisation and absorption kinetics of PWSDs for-

mulated in SEDDS. The extent of digestion has previously been shown to be 

of some importance for drug disposition during lipolysis of lipid-based for-

mulations.141 A similar effect should therefore be expected for absorption of 

APIs, but that relationship has not been investigated until now. In the human 

fasted intestine, the lipase activity has been reported to be around 500–600 

TBU/ml,153,154 but we found that an activity of 50 TBU/ml (Novozym 435) as 

used in Paper III gave more accurate results than activity of 660 TBU/ml 

(pancreatin) in Paper I. Considering that the drug disposition in the donor 

medium was very similar between the two studies, it would appear at best 

coincidentally indicative of absorptive flux from SEDDS. The results pre-

sented in this thesis indicate a great potential of the LiDo artificial membrane 

in lipolysis-permeation assays for predicting SEDDS performance. However, 

further studies are required to determine which conditions will yield the most 

predictive results. 

Some evidence has supported the suggestion that perhaps the in vivo lipase 

activity should not be used in this context. The first reason is that the LiDo 

membrane might not withstand high-activity lipolysis for extended durations. 

The second is that perhaps the digestion rate is too high compared to absorp-

tive flux, and this concern would apply also to other artificial membrane mod-

els such as PermeaPad or phospholipid vesicles.155,156 Even though the LiDo 

membrane permits much higher flux than these other artificial membranes, 

only a few percent of the API is absorbed over 1–2 hours. Thus, the digestion 

rate might need to be lower than in vivo to fit the in vitro absorption rate for 

these systems to be biorelevant. However, pancreatic extracts are not stable in 

solution,142 and freshly prepared extracts should ideally be added every 60–
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120 min to maintain lipolytic activity. Immobilized lipases tend to be more 

stable,139 and could therefore be more suitable for long assay times at low li-

pase activity. However, the immobilization may reduce their utility in scaled 

down assay formats, as discussed in Paper IV. 

By using the highly buffered FaSSIF instead of pH-stat for pH control, and 

omitting determination of donor disposition, lipolysis-permeation assays 

could conceivably be performed in a 96-well format, possibly even with ro-

botic sampling, which would greatly accelerate the development process of 

this method. However, maintaining stirring is important to ensure sufficiently 

high flux. For full-size assays, such as in the ENA device, fibre-optic UV 

probes could be used for in situ quantification instead of off-line methods like 

HPLC-UV. Eliminating the effort of handling samples would significantly 

speed up this relatively low-throughput method. In situ quantification via fi-

bre-optic UV probes has already been explored to a minor degree for lipolysis-

permeation assays of SEDDS in the µFlux system, but the stirring is inefficient 

in the volume where the membrane is located, and there is no possibility of 

pH-stat operations.157 A custom set-up for the µDiss system was described by 

Stewart et al.,158, with more efficient stirring than the µFlux, but in situ UV 

detection only in the receiver compartment. This set-up could potentially en-

able up to six simultaneous and unsupervised lipolysis-permeation assays and 

should be further investigated. For pH-stat operations with the LiDo artificial 

membrane, a method for protecting the electrode would first need to be devel-

oped. Because the membrane is entirely lipid, whatever is interfering with the 

probes is likely to associate with lipid droplets in the medium. Therefore, a 

dialysis bag with an appropriate cut-off value (e.g. 10 kDa) around the elec-

trode might allow ions to pass through sufficiently fast, but keep out interfer-

ing entities. A similar method was developed by Alvebratt et al. for fibre-optic 

UV probes to enable in situ absorbance measurements in highly turbid me-

dia.159 

Another aspect of the process (and one that has not been considered in the 

experimental work of this thesis) is the gastric dispersion and digestion occur-

ring in vivo. A recent study, on a lipophilic weak base formulated in LFCS 

type I and IIIA LBFs, found that including a gastric dispersion and digestion 

step during in vitro lipolysis greatly improved correlations to plasma AUC in 

experiments with beagle dogs.160 Gastric dispersion can be important for weak 

bases, especially when administered in crystalline form (as in Paper IV). In 

this case, the acid pH boosts solubility and dissolution rate. When the drug 

enters into the duodenum, increasing pH by bicarbonate secretion causes su-

persaturation, eventually leading to precipitation. In the presence of emulsion 

droplets, however, precipitation may be greatly reduced and thus the SEDDS 

can contribute to increased bioavailability even when co-administered. Gastric 

lipase also plays an often-overlooked role in the digestion of SEDDS.136 As 

seen in Paper IV, even similar lipase products can produce significantly dif-

ferent results concerning the permeation of the API. Gastric lipase might 
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therefore play an even more important role in lipolysis-permeation assays than 

in single compartment in vitro lipolysis.  

Artificial membranes are not sensitive to pH in the same way that cell mon-

olayers are, and artificial membranes (in addition to being simpler and less 

expensive) may therefore be more suitable for certain assays because of the 

possibility of including a gastric step in lipolysis-permeation assays. It is true 

that, in cell-based assays, the gastric step could be performed in a separate 

vessel and adjusted to intestinal pH prior to contact with the cells. More im-

portantly, artificial membranes cannot account for biological processes such 

as facilitated uptake and efflux, paracellular transport or intracellular metabo-

lism. Cell-based lipolysis-permeation assays will therefore continue to be use-

ful for investigating more complex mechanisms, while cell-free assays are 

likely better suited for high-throughput screening and formulation optimiza-

tion. 

An important consideration when using immortalized cell lines, such as 

Caco-2 and MDCK, is the fact that they may not always simulate gut mucosa 

appropriately. Caco-2 cells do not express proteins at the same levels as jeju-

nal epithelia (e.g. CES1 vs. CES2 expression as mentioned previously).149 

MDCK wildtype cells express canine homologues of transporters instead of 

human, although these cells can be genetically modified to better represent 

human cells.85,151,161 For mechanistic studies, monolayers grown from stem 

cells might be a better option for accuracy.162,163 

In order to improve the compatibility of cell monolayers with lipolysis con-

ditions, the use of biosimilar mucus should be further investigated. Simple 

representations of intestinal mucus have previously shown promise in this re-

gard, with mucin applied on top of Caco-2 cells.133 More advanced biosimilar 

mucus models have recently been developed, but their protective abilities have 

not yet been explored in cell-based lipolysis-permeation assays.156,164,165 

However, even when a cell-based absorptive monolayer is used, several 

physiological processes are not accounted for in the lipolysis-permeation as-

say. One such process is the secretion of bile as a response to lipids. Therefore, 

when performing experiments in vitro, pre-selecting appropriate concentra-

tions of representative bile acids is required. Typically only one bile acid (usu-

ally taurocholate) is used. As reported by Alskär et al., the apparent solubility 

of carvedilol in dog intestinal fluid increased with the lipid dose administered, 

and this solubility was correlated with the total bile concentration in the sam-

ples. The differences were not significant within the range of lipid dose ad-

ministered for the bioavailability study,166 but this observation is an important 

consideration for any future studies.  

Furthermore, when establishing in vitro–in vivo relationships, plasma con-

centration profiles are not ideal comparators because they are convolutions of 

both absorption and elimination functions. Plasma profiles can be deconvo-

luted to provide an estimate of the dose fraction absorbed over time, which is 
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a better comparison for in vitro data. Deconvolution is a mathematical proce-

dure that requires quality input data and relies on various assumptions. Gen-

erally, an intravascular injection of the API is required for each study subject 

to account for the systemic elimination profile. Then, the deconvoluted profile 

from oral administration may need to be normalized to account for variability 

in gastric retention of the formulation (lag time). Having knowledge about the 

dose fraction absorbed in vivo over time would be a better starting point to 

verify the ability of these assays to predict the in vivo situation. However, de-

convolution of plasma profiles for rapidly absorbed compounds is difficult, 

and is mainly done for extended release formulations and not supersaturating 

formulations. Therefore, improved mathematical models for deconvolution 

may be required, as well as high-quality in vivo data. 

On a final note, the structure of the LiDo artificial membrane is not well 

defined, which hampers understanding of permeation mechanisms and of in-

teractions between membrane and digestion medium. A structure has been 

proposed by Assmus et al. for similar artificial membrane composition, 9% 

(w/v) egg-yolk lecithin and 0.45% (w/v) cholesterol in n-dodecane, based on 
31P static stolid-state nuclear magnetic resonance (NMR) studies.167 The pro-

posed structure consists of a monolayer of phospholipids at the aqueous inter-

faces and inverted micelles within the dodecane layer, which act as shuttles 

for more hydrophilic substances. Based on our TIRF studies of the LiDo mem-

brane, we initially speculated that the phospholipids were arranged in a mul-

tilayer structure at the aqueous interfaces. Since LiDo has a different compo-

sition (20% w/v soy lecithin) than the one studied by Assmus et al., differences 

in the respective membrane structures could very well exist, and further stud-

ies into the structure of the LiDo artificial membrane would be welcomed. A 

relatively simple initial investigation could consist of dissolving the solvato-

chromic dye Nile Red in the membrane-forming solution and cryo-sectioning 

the formed membrane. Nile Red is lipophilic, and in n-dodecane, the excita-

tion and emission maxima are at 492 nm and 531 nm respectively, while in 

phosphatidylcholine the excitation and emission maxima are at 548 nm and 

633 nm respectively.168 Thus, phospholipid localization could be captured 

with fluorescence microscopy, and this sectioning would facilitate maximum 

resolution along the membrane normal. 
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Populärvetenskaplig sammanfattning 

En läkemedelsprodukt kan administreras via många olika vägar. De allra flesta 

föredrar oral administrering, alltså genom att svälja läkemedlet, som är en-

klare, säkrare och mindre smärtsamt än till exempel injektion. För en substans 

som är svårlöslig i vatten kan mängden som absorberas vara låg om den ges 

oralt. Det innebär risk för lägre effekt och för biverkningar. En läkemedels-

produkt består dock alltid av mer än den aktiva substansen. Dessa inaktiva 

substanser kallas för hjälpämnen och utgör tillsammans läkemedelsformule-

ringen. Olika aktiva substanser behöver olika formuleringar för att de ska få 

en optimal effekt. För att öka absorptionen kan man exempelvis formulera en 

svårlösliga substans tillsammans med olika fetter (lipider) som hjälpämnen, 

om substansen är mer löslig i fetter och oljor. Ett problem som identifierats är 

att det ofta krävs djurstudier för att ge tillförlitliga resultat om hur en substans 

tas upp av kroppen när lipider används som hjälpämnen. Djurförsök (latin: in 

vivo) är kostsamma, komplicerade och bör av etiska skäl endast utföras då 

alternativ saknas. Detta avhandlingsarbete har därför behandlat olika metoder 

för att med hjälp av laboratorieexperiment (latin: in vitro) bättre kunna förut-

säga vilka hjälpämnen i kombination med en viss substans som ger en bra 

absorption då läkemedlet ges oralt. 

Olika läkemedelssubstanser i kombination med olika lipidbaserade formu-

leringar har utvärderats med hjälp av ett flertal metoder för att hitta en metod 

och omständigheter som ger bra förutsägelse av substansernas upptag efter 

oral administrering. Dessa metoder utgår ifrån att läkemedelsprodukten blan-

das ut i en vätska som efterliknar tarmsaft, där även olika lipidnedbrytande 

enzym ingår. Enzymatisk nedbrytning av lipider kallas för lipolys och är en 

viktig del av kroppens förmåga att ta till sig näring från fetter i maten vi äter. 

Lipolys kan även påverka hur en fettlöslig substans tas upp i tarmen från en 

lipidbaserad formulering. Lipolysstudier (in vitro) har använts för att karakte-

risera olika lipidbaserade formuleringar och för att försöka jämföra prestanda 

mellan dem genom att studera hur mycket aktiv substans som behålls i lösning 

över tid. I många fall har detta dock gett missvisande resultat, vilket visat sig 

när man senare testat formuleringarna i djurstudier.  

I detta avhandlingsarbete har istället lipolys kombinerats med absorption, 

så som är fallet i kroppen, med hjälp av två vätskefyllda kammare som sepa-

rerats av antingen ett skikt av celler eller ett konstgjort skikt (artificiellt mem-

bran). Genom att titta på mängden aktiv substans som tas upp över dessa skikt 

så fås i teorin resultat som bättre överensstämmer med det som sker i kroppen. 
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Denna metod tillsammans med skikt av cellinjen Caco-2, som liknar de celler 

som finns i tarmväggen, har tidigare visat sig vara ett lovande alternativ. Nack-

delen är att odling av Caco-2 celler är arbetsamt och tar lång tid, samt att cel-

lerna är känsliga. Därför utvärderades även cellinjen MDCK, som liknar 

Caco-2 men går mycket fortare att odla. Denna cellinje gav inte lika bra resul-

tat som Caco-2, men det är inte uteslutet att MDCK kan användas som substi-

tut i framtiden ändå. 

Olika artificiella membran har även utvärderats och ett som består av soja-

lecitin i dodekan och som appliceras på ett filter av plasten PVDF har identi-

fierats som ett lovande alternativ till cellbaserade skikt. Olika enzym i olika 

aktivitet kan dock användas för att efterlikna lipolysprocessen i kroppen. Be-

roende på vilket enzym som används och i vilken aktivitet så har det visat sig 

att olika resultat också fås. Ytterligare studier kring omständigheterna under 

försöken krävs därför innan metoden kan anses vara tillförlitlig för att jämföra 

prestanda hos olika lipidsbaserade formuleringar. Däremot har detta avhand-

lingsarbete bidragit till att bredda kunskapsbilden om hur dessa formuleringar 

fungerar och närmat sig en tillförlitlig metod för att förutsäga deras prestanda, 

utan djurförsök. 
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