
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 187

Experimental and Computational
Predictions of Drug Solubility in
Human Gastrointestinal Fluids

JONAS H. FAGERBERG

ISSN 1651-6192
ISBN 978-91-554-8913-7
urn:nbn:se:uu:diva-221249



Dissertation presented at Uppsala University to be publicly examined in B: 42,
Biomedicinskat centrum – BMC, Husargatan 3, Uppsala, Friday, 23 May 2014 at 09:15
for the degree of Doctor of Philosophy (Faculty of Pharmacy). The examination will be
conducted in English. Faculty examiner: Professor Bradley D. Anderson.

Abstract
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The aqueous solubility of a drug is viewed as a pivotal property for its oral absorption
since only dissolved molecules can permeate the gut wall and reach the systemic circulation.
The fluids in the intestine, however, do not only consist of water and therefore poor water
solubility may not necessarily imply a poor solubility in the intestinal fluids and resulting low
bioavailability. This thesis addresses the determination of drug solubility and dissolution rates
in biorelevant dissolution media (BDM) with the aim of applying these methods to the early
stages of drug discovery, where there is a need to reduce the volume of the medium and the
amount of solid drug used in testing. The thesis also addresses the need for computational
methods for predicting solubility in intestinal fluids and, hence, allowing in silico screening
of drugs yet to be synthesized. The apparent solubility and dissolution behavior of large series
of lipophilic and other diverse compounds in BDM were studied using a miniaturized method
developed herein. The media used in the experimental design provided an opportunity to assess
the effects of charge, solubilization in mixed lipid aggregates, and ethanol in BDM. Highly
lipophilic and uncharged drugs were efficiently solubilized by aggregates in the BDM while
solubilization was decreased with charge. The decrease was more pronounced for negatively
charged drugs. The solubility of anionic and neutral drugs was significantly increased by the
addition of ethanol to the medium and absorption simulations showed that intake of alcohol
could lead to increased plasma concentrations of neutral compounds. Statistical models based
on calculated molecular descriptors that accurately predicted the apparent solubility in fasted-
state simulated intestinal fluid and in aspirated human intestinal fluid were also developed. In
summary, the work undertaken in this thesis has resulted in new experimental and computational
models for assessment of the dissolution and solubility of poorly water-soluble compounds in
BDM. The models are applicable in the early discovery and development phases for predicting
physiologically relevant solubility and the effects thereof on drug absorption. 
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Introduction 

Drug discovery methods such as combinatorial chemistry and high through-
put screening have generated large numbers of active molecules over recent 
decades. However, the employed strategies have also changed (increased) 
the lipophilicity of the new compounds1-3. The increase in lipophilicity has 
been driven by the higher potency of the drugs, associated with the increased 
affinity to their targets. The potency of these molecules is therefore often 
accompanied by poor solubility in water, and new formulation methodolo-
gies are required to produce functioning drug products. Estimations of the 
solubility of compounds under development indicate that between 75%4 and 
90%5 are poorly soluble. This has been acknowledged in numerous publica-
tions and various mnemonic rules and classification systems have been pos-
tulated to raise awareness of likely low soluble or poorly permeable com-
pounds6-9. These guidelines have probably reduced the number of poorly 
soluble and permeable compounds in the development pipeline but the trend 
for increased lipophilicity of small-molecule drugs (MW <1500) discovered 
during the last 15 years is still apparent (Figure 1). 

 
Figure 1. Lipophilicity values, expressed as the calculated partition coefficient 
(logP), for Food and Drug Administration (FDA)-approved drugs (n=1291, mean 
logP 2.0; light gray bars) 10 and new chemical entities (NCEs) approved for human 
use in Sweden between 1998 and 2013 (n=391, mean logP 2.5; gray bars).   
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Poor solubility and high lipophilicity can lead to unfavorable absorption, 
distribution, metabolism, elimination and toxicity (ADMET) properties and 
to attrition from drug development programs. For example, highly lipophilic 
compounds can aggregate in aqueous systems and cause subsequent false-
positive results in activity screenings during discovery or early drug devel-
opment programs. If a lipophilic compound is tested in a biological assay at 
concentrations above its solubility in the medium or above the critical aggre-
gation concentration, the observed results could be due to an interaction be-
tween aggregates of the compound and the intended target rather than be-
tween the drug monomer and the target11, 12. 

Oral drug delivery  
A number of advantages make oral administration of drugs a compelling 
delivery option. Among these are improved compliance, improved patient 
safety and reduced production costs compared to parenteral formulations. 
Oral formulations demand less of production facilities and packaging than 
compared to injectable formulations and, in addition, they can be self-
administered by patients without any training. Solid crystalline formulations 
also exhibit high chemical and physical stability13.   

 Orally administered drugs that are intended to exert systemic effects need 
to be absorbed from the gastrointestinal tract (GIT) to reach the blood and 
from there to reach the potential target. Only molecules in solution are able 
to permeate the intestinal wall, either by passive diffusion or by the help of 
transporters14. A dosage form for immediate release must first disintegrate to 
primary active pharmaceutical ingredient (API) particles from which the 
drug molecules are released before absorption can occur. After the molecules 
in solution have reached the unstirred water layer (UWL) and diffused 
through it, they can permeate the gut wall (Figure 2). Intestinal fluids contain 
bile, which consists of bile salts (BS) and phospholipids (PL), and, after food 
intake, also contain dietary lipids. These form aggregates, which are micellar 
at high concentrations of lipids from fat and bile, the latter also being re-
leased from the gallbladder as a response to food intake. In the fasted state, 
the lower concentrations of BS and PL lead to the formation of larger vesicu-
lar aggregates. Lipophilic molecules released from primary particles can 
further partition to the hydrophobic core of the mixed lipid aggregates 
(MLA) present in the intestinal fluids. These aggregates can also reach the 
UWL and the molecules solubilized  within the MLA can thereafter dissoci-
ate from the aggregate and be absorbed over the gut wall15. Small primary 
particles can also diffuse into the UWL and act as an additional reservoir of 
the drug, increasing the concentration of dissolved drug next to the gut 
wall16.   
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Figure 2. Schematic overview of the absorption of a solid drug dosage form. The 
dosage form disintegrates to primary particles which in turn dissolve to release the 
drug. Drug molecules in solution can then diffuse through the unstirred water layer 
(UWL) and permeate the cells in the gut wall. The drug can also reach the UWL 
solubilized inside mixed lipid aggregates or as diffusing primary particles.  

This means that a compound needs to be sufficiently soluble in the available 
fluid to be completely absorbed. Low solubility and slow dissolution in gas-
trointestinal fluids can lead to inadequate, variable and difficult-to-predict 
absorption and bioavailability characteristics. Drugs that have been able to 
permeate the gut wall may also be metabolized in the gut or in the liver, 
which is the main metabolizing organ in the body, before they reach the sys-
temic circulation. Accordingly, the oral bioavailability (F) is the fraction of a 
given dose that reaches the systemic circulation; this can be described as: = × ×           Eq. 1 

where Fabs denotes the fraction of the drug absorbed and fG and fH  are the 
fractions unaffected by first passage metabolism in the gut and liver, respec-
tively. The Fabs is governed by the drug permeability over the gut wall and 
the apparent solubility (Sapp) of the drug in the intestinal fluid. 
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Biopharmaceutics Classification System  
The Biopharmaceutics Classification System (BCS) was developed in 1995 
to characterize the absorption behavior of drugs17.  It has since been incorpo-
rated as a regulatory tool in US Food and Drug Administration (FDA) and  
European Medicines Agency (EMA) guidelines for waiving proof of bioe-
quivalence for appropriate compounds18. Bioequivalence between two prod-
ucts is defined as the absence of significant differences in the rate at and 
extent to which the drug reaches its site of action when given at the same 
dose under similar conditions19. The BCS is also used as a tool by the phar-
maceutical industry during the drug discovery and development process20-22. 
Under the BCS, drugs are sorted into four classes based on their ability to 
permeate the gut wall and their solubility (Figure 3). 

 
Figure 3. The biopharmaceutics classification system (BCS). High intestinal perme-
ability is defined as 90% of the dose is absorbed. High solubility means the that the 
maximum dose strength is soluble in 250 mL of medium between pH 1 and 7.518, 19 

According to the BCS, class I drugs have high solubility and permeate the 
intestinal wall extensively, class II drugs have low solubility and permeate 
extensively, class III drugs have high solubility and permeate poorly, and 
class IV drugs have low solubility and permeate poorly. A substance is 
deemed to have high permeability if 90% of an oral dose is absorbed. In 
contrast, the solubility criterion is dose dependent. For a compound to be 
classified as a soluble drug (class I or III), the maximum oral dose of a sub-
stance needs to be soluble in 250 mL of aqueous medium at 37°C in the pH 
range 1 to 7.5, according to the FDA, while the EMA defines it with a nar-
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rower range (between 1 and 6.8)23. The solubility classification is established 
using calculation of the dose number (Do)24: 

 = ×    Eq.2 

  

where M0 is the maximum oral dose, V0 is the volume available for dissolu-
tion and Sapp is the apparent solubility of the drug in the medium. The vol-
ume is typically set to 250 mL to reflect a glass of water. A Do < 1 therefore 
indicates that the total maximum dose is soluble in 250 mL dissolution me-
dium and if the Do is below 1 over the pH range 1-7.5 the drug is considered 
a class I or III compound. Conversely, if the Do exceeds 1 at any pH the 
drug is classed as a poorly soluble class II or IV compound. For a product 
based on a class I substance to be eligible for a biowaiver it also needs to 
dissolve rapidly. This means that more than 85% of the dose should be dis-
solved within 30 minutes in 900 mL or less in three different dissolution 
media with pHs reflecting gastrointestinal acidity (pH 1.0, 4.5 and 6.8). 
Many modifications and adaptations25 of this system have been proposed, 
with the focus on different aspects of bioavailability.  The Biopharmaceutics 
Drug Disposition Classification System (BDDCS) includes metabolism ra-
ther than permeability26, 27 and the Developability Classification System 
(DCS) drug development potential28. Rational formulation investigations for 
a class II compound could improve the dissolution behavior, leading to a 
well absorbed dose or a class I profile. Molecular modifications, on the other 
hand, can increase both permeability and the solubility and can potentially 
optimize a class IV compound to class I behavior29. This route of course 
demands that the modified molecule is still able to interact with the drug 
target or that a prodrug moiety is removed through bioactivation after ab-
sorption so that the parent compound can reach the target30.      

Gastrointestinal solubility 
The solubility of a solute in a solvent is equal to the concentration of a satu-
rated solution in equilibrium with the solid substance. All solubility meas-
urements are thus aimed at determining the maximum concentration of a 
solute in a solvent under defined conditions. This is usually done in shake 
flasks where an estimated excess of solute is placed with a specific volume 
of the solvent. Samples are then withdrawn and the concentration is deter-
mined. When a stable concentration level is reached with the solid substance 
still in suspension, the equilibrium solubility concentration can be deter-
mined31. The shake flask method is well suited for miniaturization; the solu-
bility in water can be determined in volumes as low as 50 µL32.         
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Intrinsic solubility 
The intrinsic solubility (S0) is the solubility of the non-ionized (neutral) 
compound in water at room temperature. This property is governed by in-
termolecular solid state interactions in the crystal lattice and the solvation 
energy released as a molecule is removed from the crystal and inserted into 
the surrounding water33 (Figure 4).  

 
Figure 4. The dissolution of crystalline indomethacin in water involves (1) the re-
moval of a single molecule from the crystal lattice and (2) the formation of a cavity 
in the solvent to accommodate the molecule. These events both consume energy. 
During the solvation (3) of the molecule, energy is released.  

The energy involved in the dissolution of a solid crystalline material in water 
governs the S0 of a solute and can be estimated using (1) the melting temper-
ature, (2) the molecular volume or weight and (3) the lipophilicity, expressed 
as the partition coefficient (logP). The melting temperature is related to the 
stability of the solid state form of the compound, the size and lipophilicity 
govern its interactions with water, and the sum of the changes in free energy 
(ΔG) in the dissolution event steps dictates the solubility of the compound. 
These properties or related representations have therefore often been includ-
ed as variables in models for prediction of aqueous solubility34, 35. As disso-
lution is generally an endothermic process, heating will increase the solubili-
ty of most compounds. 
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Charge 
The apparent solubility of ionizable compounds increases with the charge. A 
renowned  approximation of the relationship between pH and the apparent 
solubility of ionizable compounds is described by the Henderson–
Hasselbalch equation36 (here written for an acid): 
 	 = − log	 − 00       Eq. 3 

 
where S0 is the uncharged or intrinsic solubility, the dissociation constant 
(pKa) is the pH where half of the substance is charged, and Sapp is the appar-
ent solubility at the pH under consideration. This approximation implies that 
the Sapp of an acid is twice the S0 at a pH equal to the pKa of the ionizable 
function. If the pH increases beyond the pKa, Sapp increases by a factor of ten 
for each pH unit. Bases ionize with decreased pH and their Sapp accordingly 
increases ten times for each pH unit below their pKa (Figure 5). 

 
Figure 5. Theoretical pH-solubility profiles according to the Henderson-Hasslebalch 
equation for a generic acid (left) and base (right), both with an intrinsic solubility of 
0.1 µM and with pKa of 4.5 and 9.5, respectively.  

It is, however, not unusual for deviations from this approximation to occur, 
and pH solubility profiles are often substance-specific. Positive deviations 
from the pH-induced solubility increase can indicate the presence of small, 
charged aggregates in the solution. Uncharged aggregates can lead to slightly 
elevated Sapp values in the uncharged pH region37. The charge effect can be 
suppressed by the interaction between solute and counter ions and the maxi-
mal increase in solubility achieved by charge is often limited by a solute-salt 
product. Readily dissociated salt forms are, however, usually more soluble 
than the free base or acid forms as long as their concentrations in the medi-
um do not reach the solubility product of the ions. Thus, pharmaceutical salts 
offer fast release from a stable solid phase because of dissociation, a proper-
ty frequently harnessed in the pharmaceutical industry38, 39. 
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There is a pH gradient in the GIT that ranges from acidic in the stomach to 
neutral in the distal parts of the small intestine. As a consequence of this, the 
Sapp of a base may be very high in the gastric compartment and drop consid-
erably as a result of the higher pH in the small intestine and colon. The Sapp 
of acids, on the other hand, can be high in the small intestine, despite low 
uncharged solubility.  

Solubilization 
Amphiphiles in water aggregate to nanosized colloidal structures when their 
concentration exceeds the critical micell concentration (CMC). Other colloi-
dal aggregates such as lamellar vesicles can also be formed, depending on 
the amphiphile or combination of amphiphiles40. Lipophilic drugs with low 
aqueous solubility can partition into and be solubilized by these aggregates 
with a resultant amphiphile-concentration-dependent increase in   
solubility41, 42. The efficiency of this solubilization depends on the properties 
of the aggregate and the solute. The partitioning of a solute into aggregates is 
reduced with increased solute charge and bilayer rigidity43. The solubility of 
a compound in a medium containing amphiphile aggregates is based on the 
sum of the concentration in bulk solution and the concentration solubilized 
inside the aggregates. Aggregates such as these occur naturally in the intes-
tine; simulated intestinal media containing relevant aggregates are usually 
described as biorelevant dissolution media (BDM).    

Cosolvency 
Cosolvents are organic liquids that are completely miscible with water; these 
include ethanol, polyethylene glycol and dimethyl sulfoxide (DMSO). Non-
toxic cosolvents are widely used in formulations for both parenteral and oral 
use44.  They can increase the solubility of drugs by reducing the polarity of 
the water and disturb the hydrogen bonding between water molecules by 
reducing the hydrogen bond density in the medium45. Nonpolar or lipophilic 
compounds are effectively held out from solution by water-water interac-
tions in aqueous media. When these interactions are reduced by lowering the 
hydrogen bond density the solubility of lipophilic compounds can increase to 
a greater extent than seen for polar or less lipophilic solutes46, 47. The addi-
tion of a cosolvent to water also suppresses the dissociation of ionizable 
compounds, with a shift in the dissociation constants. Acid dissociation con-
stants are shifted to a higher pH while basic functions are shifted to a lower 
pH. The shifts are cosolvent concentration-dependent and the resulting dis-
sociation constants are defined as apparent pKa or psKa. This also affects the 
lipophilicity of ionizable compounds. The distribution coefficient (logD) of 
an acid or a base is higher in a medium containing a cosolvent.      
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Supersaturation 
Under certain conditions, a solution can be supersaturated; that is, the con-
centration of substance in solution is higher than the equilibrium solubility of 
the solute in the solvent. This can be achieved through a solvent shift where 
a concentrated organic stock solution is transferred to a larger volume of, for 
example, an aqueous medium or BDM48. If the resulting concentration is 
higher than the solubility of the substance in the medium, the solution is 
supersaturated. This is by definition a thermodynamically unstable state and 
the solute will precipitate. The time during which the supersaturation can be 
maintained is influenced by the degree of supersaturation and the composi-
tion of the medium; for example, polymers can be used to stabilize supersat-
uration49, 50. Supersaturation can also occur in the GIT when bases with low 
S0 become highly charged and dissolve in the stomach; the dissolved drug is 
then transported through the pylorus to enter the small intestine. The in-
creased pH here will lower the charge and, if the Sapp is decreased below the 
concentration of the drug in the fluid, the solution is supersaturated and may 
eventually precipitate51, 52.      

Dissolution rate 
The dissolution rate of a substance is closely related to its solubility.  Meas-
urement of this property has been used extensively in pharmaceutical re-
search and the pharmaceutical industry for regulatory purposes as well as for 
predicting drug absorption. The literature concerning the mechanisms and 
other aspects of the dissolution rate is vast and has been reviewed 
elsewhere53. Pioneering work on the subject was performed by Noyes and 
Whitney54 and was later elaborated on by Nernst and Brunner55 to include a 
stagnant water layer parameter. Their adaptation of the Noyes-Whitney 
equation describing the rate of dissolution is often written as follows:  

 = × ×( )
ℎ    Eq. 4 

 
where the amount of drug released from the solid over time (dW/dt) is a 
function of the concentration gradient between the saturated concentration or 
Sapp and the bulk concentration (CBulk), the surface area of the drug that is in 
contact with the solvent (A), the hydrodynamics around the solid material 
described by the thickness of the stagnant water layer (h) (Figure 6) and the 
diffusion coefficient (D) of the drug molecule in the dissolution medium. 
Clearly, because of the impact of the surface area on the dissolution rate, an 
increased dissolution rate can also be achieved by increasing the surface area 
that is in contact with the solvent. The surface area can be increased by add-
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ing wetting agents to improve dispersion, increasing the porosity of the par-
ticles or micronizing the material. In addition, the amorphous state of a com-
pound dissolves more rapidly than the crystalline state because of the lack of 
long-range order in the solid.     

 
Figure 6. Concentration gradient from the interface between the dissolving solid and 
the solvent, which is equal to the apparent solubility (Sapp) of the solid in the solvent, 
to the bulk solvent concentration (Cbulk). Molecules released in the interface diffuse 
through the stagnant water layer (wl) to the well stirred bulk and CBulk increases. The 
rate of dissolution is determined by the surface area of the solid, the concentration 
gradient, the thickness (h) of the stagnant wl, and the diffusivity of the molecules, as 
described by the Noyes-Whitney equation (Equation 4.) If there is excess solid, the 
process is limited by the equilibrium that occurs when CBulk equals Sapp and the num-
ber of molecules leaving the solid is matched by the number that return or precipi-
tate on the solid surface. 

Dissolution testing for regulatory purposes, quality assurance and batch con-
trol assays are performed using complete dosage forms56. Studies aimed at 
mechanistic understanding and physicochemical profiling of drugs are gen-
erally performed using the pure API in powder form or traditionally in disc 
compacts57, 58. The latter method yields the surface area-specific rate of dis-
solution, or intrinsic dissolution rate (IDR). This property, like solubility, is a 
solvent-solute characteristic. Both experimental and theoretical investiga-
tions have focused on allowing IDR measurements or approximations from 
determinations based on powder dissolution59, 60.  
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Biorelevant dissolution media 
Aspirated human intestinal fluid (HIF) is perceived as the golden standard 
for in vitro determination of drug solubility in the intestine61, 62. The contents 
of the fluid vary between subjects and also with the prandial state, and have 
been extensively studied63-65.  

Table 1. Characteristics of aspirated human gastric and intestinal fluids66. 

 HGF FaHIF FeHIF 

pH 1.7-3.3(2.5) 6.5-7.8(6.9) 6.167

Bile salts (mM)
Phospholipids (mM) 
Osmolarity (mOsmol)

0.0-0.8(0.28)
0.029 
119-221(202)

1.4-5.5(2.52)
0.19 
200-300(280)

4.6-8.1* 
2.0-3.0 

Characteristics of Human gastric fluid (HGF), fasted-state intestinal fluid 
(FaHIF) and fed-state intestinal fluid (FeHIF). Values are presented as range 
and (median). *The concentration of bile salts in FeHIF was calculated 
based on the phospholipid concentrations and bile salt/phospholipid ratios 
reported in Persson et al. (2005; 2007)64, 67   
 
Aspirates from a number of subjects are commonly pooled to reduce the 
effects of interindividual variability. Food intake is also controlled, accord-
ing to the purpose of the collection. Aspirated HIF is poorly buffered and 
hence is sensitive to atmospheric CO2; consequently it is frozen after collec-
tion and pooling, and thawed before use. 
 
In 1998, Dressman and co-workers proposed the composition of fasted- and 
fed-state simulated intestinal fluids (FaSSIF and FeSSIF, respectively)68 with 
the aim of mimicking the fluid in the small intestine in the pre- and post-
prandial state (Table 2).  

Table 2. Composition of the three biorelevant dissolution media studied in the thesis 

 FaSSGF FaSSIF FeSSIF 
pH 1.6 6.5 5.0 
Sodium taurocholate (mM) 0.08 3 15
Phosphatidylcholine (mM) 0.02 0.75 3.75
Buffer type KH2PO4 CH3COOH 
NaCl (mM) 34.2 52.9 203.2
Osmolarity (mOsmol) 120.7 ± 2.5 270 ± 10 670 ± 10 
Corresponding blank medium NaCLpH 2.5 PhBpH6.5 AcetatepH5.0 
Composition of fasted-state simulated gastric fluid69(FaSSGF), which was 
modified with regard to acidity (pH 2.5) for the studies included in the the-
sis, fasted-state simulated intestinal fluid (FaSSIF) and fed-state simulated 
intestinal fluid (FeSSIF)68, 70.  
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The simulated gastrointestinal fluids contain taurocholic acid (TCA) and 
phosphatidylcholine (PC) (Figure 7), which self-aggregate as micelles and 
vesicles in FeSSIF and FaSSIF, respectively. 

 
Figure 7. The lipid constituents of simulated gastrointestinal fluids are taurocholate 
and phosphatidylcholine, usually derived from soybean lecithin, where the most 
abundant phospholipid species is 1,2-dilinoleoyl-sn-glycero-3-phosphocholine71. 

These media have been complemented, modified and updated numerous 
times over the last 15 years. Hence, a wide array of BDM exists, ranging 
from simple buffers with synthetic amphiphiles72-74 to more complex media. 
The latter reflect, in some cases, the contents of HIF better, since they con-
tain various BS, monoglycerides, and fatty acids75-78. Increased complexity 
of the medium is associated with increased cost but may also potentially 
reflect the contents of intestinal fluids better. The original FaSSIF and FeS-
SIF are, however, still widely used61 and will probably continue to be the 
dominating media used in in vitro experiments for the foreseeable future. 
The classical simulated intestinal fluids continue to dominate because both 
industry and academia have large data sets of the solubility of compounds in 
these media, making change less likely. BS-, phospholipid- and water-
systems have been studied for over a century79. In concentrated systems, the 
constituents form mixed disc micelles with bile salt molecules radially dis-
tributed at the disc edge, as proposed by Small and co-workers80; the model 
was later elaborated81 to include bile acid pairs, which hide their polar hy-
droxyl groups by facing towards each other, in the center of the disc mi-
celles. The ratio of phospholipid to BS in these mixed micelles is two. When 
the lipid system is diluted, a phase transition occurs and vesicles are 
formed82. Other aggregate morphologies have also been reported83, 84 but the 
MLA in simulated intestinal media are micellar and vesicular. The high lipid 
concentrations in the fed-state media result in mixed micelles (~6.5 nm in 
diameter), while the fasted-state media, which only contain a fifth of the 
lipid concentrations found in FeSSIF, result in vesicles with a diameter of 
~45 nm85-87 (Figure 8). 
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Figure 8. Schematic representation of the mixed lipid aggregates present in FeSSIF 
(6.5 nm diameter) and FaSSIF (45 nm in diameter). The micelles present at high 
concentrations transition to vesicles on dilution below the critical micelle concentra-
tion of taurocholate.   

The CMC of TCA varies significantly in the literature. It has been reported 
to be ~6.5 mM88, 89, but lower values are also found90 and it has even been 
described as not existing or that the molecules self-aggregates over a wide 
concentration range91. The reported values are, however, consistent with the 
large aggregates found in FaSSIF, where the TCA concentration (3mM) is 
lower than the CMC, and the small aggregates found in FeSSIF, where the 
TCA concentration (15 mM) is well above the CMC. The CMC of the long 
chain PC is extremely low92. The ratio of TCA to PC in the simulated gastro-
intestinal media is five. This TCA excess combined with the CMC of TCA 
and the mixed micellar ratio of two phospholipid molecules to one bile salt81 
suggests that FeSSIF also contains simple TCA micelles, but all aggregates 
in FaSSIF and FeSSIF are herein referred to as MLA. Phospholipids and bile 
salts also reduce the surface tension of aqueous media and increase the wet-
ting of solids during dissolution93, 94.        

Absorption simulations 
A number of mathematical models have been developed for absorption 
simulations95-97. In general, the models are based on serially connected gas-
trointestinal compartments in which dissolution is simulated based on mod-
els for the dissolution of solids. Absorption is normally only allowed in the 
intestinal compartments. Metabolism of the absorbed fraction is simulated 
using pharmacokinetic models. Two models are implemented in commer-
cially available alternatives for pharmacokinetic simulations: Gastro Plus95 
(Simulations Plus, Ca) and Simcyp Simulator96 (Simcyp Limited, UK). GI-
sim is a software developed by Astra Zeneca98. Users of all three applica-
tions provide measured or predicted physicochemical data, including meta-
bolic parameters, for the drug. It is also possible to include parameters such 
as the solubility or rate of dissolution in BDM from in vitro studies99, 100. 

Micelle

Vesicle

Dilution
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These data are complemented by dosage form information and, in some cas-
es, the size of the API particles. Mathematical models are then employed to 
simulate the absorption, distribution, metabolism, and excretion of the drug. 
Precipitation of drugs due to supersaturation in the intestine can also be in-
cluded in the simulation101, 102. The results can include plasma concentration 
profiles, the fraction of the dose absorbed, the part of the intestine in which, 
and, to which extent, the drug was absorbed. Use of the simulations ranges 
from predicting the parameters of theoretical drug candidates to obtaining 
various parameters for increasing mechanistic understanding of variations in 
bioavailability, based on differences in formulation, subject, or population.         

Computational solubility predictions 
The most renowned model for prediction of aqueous solubility is the general 
solubility equation (GSE)35. This model is based on the measured solubility 
of a large number of partially drug-like compounds and uses logP and the 
melting temperature as predictors of the solubility in water. logP can be pre-
dicted to within a root-mean-square error (RMSE) of one order of magni-
tude, but the calculations for melting temperature are complicated. A number 
of adaptations have also been developed103, 104; in some cases melting tem-
perature is substituted by other descriptors such as MW105. These models 
predict S0 and can also be used to approximate Sapp at a specific pH by re-
placing logP with logD or inserting the predicted result together with pKa 
into equation 3.  Models for predicting aqueous solubility have also been 
developed using only calculated descriptors106, 107. Considerable effort has 
also gone into developing models for drug solubility in water-cosolvent mix-
tures108. At the time of initiating the work underlying this thesis, there were 
no models for predicting solubility in HIF or BDM. Since then, two models 
have been developed for FaSSIF and FeSSIF. These are based on artificial 
neural networks and are implemented in the ADMET Predictor (Simulations 
Plus, Ca).     
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Aims of the thesis 

The overall aim of this thesis was to develop methods of predicting, by ex-
periment and computation, the solubility of drugs in gastrointestinal fluids. 
This project was initiated to increase the understanding of solute and solvent 
factors influencing the dissolution of solids in the gastrointestinal tract and 
subsequently the bioavailability drugs with low aqueous solubility. In Paper 
I, II and III solubility increase due to constituents of BDM and potential 
consequences of food or alcohol were studied. In I, II structural features of 
the studied drugs were linked to observed solubility modulation and in Paper 
IV predictions of drug solubility in intestinal fluid were performed. The spe-
cific aims were:  

 
• To develop and validate a miniaturized method of studying the apparent 

solubility and intrinsic dissolution rate of compounds with poor aqueous 
solubility in BDM. 
 

• To study the increase in solubility of drugs associated with mixed lipid 
aggregates in BDM and ethanol. 

 
• To identify molecular descriptors or physicochemical properties linked 

with increased solubility through MLA solubilization or ethanol cosol-
vency. 
 

• To assess the potential impact of increased solubility on the absorption 
of the studied drugs. 
 

• To develop predictive models of apparent solubility in simulated and 
human intestinal fluids.   

 
 
  



 26 

Methods 

Studied compounds 
The data sets studied in Papers I-III were selected to include drugs with 
aqueous solubility limited by poor solvation but also those with poor solubil-
ity as a result of their solid-state properties. Further, only free-form com-
pounds were included to avoid salt-associated electrostatic contributions to 
the solubility. These criteria led to the selection of 22 structurally and physi-
cochemically diverse compounds, which were examined in Paper II. Subsets 
of these, consisting of ten and nine drugs, were studied in Papers I and III, 
respectively (Figure 9). In Paper IV the set was expanded with literature 
values to include 86 lipophilic drugs that had a calculated logP above two 
and available solubility measurements in FaSSIF. 

 
Figure 9. Molecular structures of the compounds studied in Papers I-III. All com-
pounds shown, except corticosterone (calculated logP <2), were also included in the 
dataset used for statistical modeling in Paper IV.     
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Dissociation constant experiments 
The pKa values of the ionizable drugs were determined as part of the physi-
cochemical profiling process by titrating solutions in 0.15 M KCl using 
0.5 M HCl and KOH and following the potentiometric and/or spectrophoto-
metric shifts109. To avoid precipitation of the poorly soluble drugs, weak 
acids were studied by titrating from high to low pH and weak bases by titrat-
ing from low to high pH. The results of at least three experiments were com-
bined to determine the pKa. All determinations in Paper I, except for one, 
were performed using Gemini (pION, MA). The GLpKa (Sirius, UK) was 
used to determine the pKa of the last compound in Paper I and all com-
pounds in Paper II, for which the apparent dissociation constants in 20% 
ethanol (psKa20%ethanol) were also determined.             

Dissolution media 
Buffers needed for preparation of BDM were prepared in advance, sterile 
filtered and refrigerated until use. TCA and PC powder were dissolved in 
NaCl-solutionpH2.5, phosphate buffer(PhB)pH6.5 or acetate-bufferpH5.0 prior to 
dissolution testing to produce FaSSGF, FaSSIF and FeSSIF respectively. 
The PhBpH6.5 was also used to prepare FeSSIFpH6.5.  The aggregates in FaS-
SIF and FeSSIF were studied using electron cryomicroscopy. Dissolution 
experiments were also performed with the corresponding blank buffers to 
assess the substance-specific impact of solubilization in MLA found in the 
BDM. The fasted-state fluids (FaSSGF and FaSSIF) were also tested after 
spiking with 5% and/or 20% v/v ethanol to study the cosolvency effect on 
the apparent drug solubility. The liposomal aggregates in FaSSIF with and 
without 20% v/v ethanol were characterized with regard to size and dispersi-
ty using dynamic light scattering.   

Solubility and dissolution rate determinations 
The apparent solubilities and dissolution rates were measured using µDISS 
Profiler (pION, MA), a miniaturized dissolution testing apparatus utilizing 
fiber optic dip-probes connected to a photo diode array detector for scanning 
absorbance between 200 and 700 nm in situ in 25 mL vials. The instrument 
was equipped with interchangeable tips with a path length range of 2-20 mm. 
The vials were held in place by a heating block for temperature control and 
the BDM stirred using magnetic stirrers. The instrument channels were indi-
vidually calibrated by establishing standard curves, which were prepared by 
adding small volumes of a DMSO-stock solution to preheated 37°C dissolu-
tion medium under intense stirring and scanning the resulting standard solu-
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tions. This was repeated five to nine times to span as wide a concentration 
range as possible. Prior to the solubility determinations, the substance pow-
der was weighed into the vials. Magnetic stirrers were then introduced and 
the vials were placed in the heating block. Preheated medium was added at 
the start of the experiment and the absorbance in the solution was measured 
at defined time points at least 5 seconds apart. The samples were stirred (100 
revolutions per minute (RPM) throughout the experiment) and the tempera-
ture was held constant at 37 ± 1°C. The second derivatives of the measured 
ultraviolet (UV)-spectra were analyzed for all concentration determinations 
to avoid interference from suspended particles of the solid substance in the 
dissolution medium. The experiments were terminated when the concentra-
tion reached a stable plateau representing the solubility. Established dissolu-
tion profiles where used to fit a biexponential function for calculation of the 
dissolution rate:  

 ( ) = 	 [1 −	 ] 	+	 [1 −	 ]	   Eq. 5 
 

The concentration of dissolved drug (Ctot) is a function of time (t). and 
 are concentration contributions from particle populations A and B110 to 

the apparent equilibrium solubility. The two corresponding rate constants 
( and ) are linked to the apparent surface areas of the particle groups and 
tlag is the experimental delay in dissolution due to initial wetting. These pa-
rameters were used together with calculated-compound specific effective 
diffusivity and media related parameters to approximate the surface-area-
specific dissolution rate. This method was modified in Paper I to allow ap-
proximation of IDR of poorly soluble compounds in BDM. All experiments 
were performed in at least triplicate and the results were presented as means 
± standard deviation. The pH of the dissolution medium was measured be-
fore the experiments and after they were terminated.  

The effects of MLA in FaSSIF and FeSSIF were assessed using solubili-
zation ratio (SR) analysis in Papers I and II. The SR is compound-specific 
and based on the mol/mol solubilization capacity in BDM according to 
bilesalt (SCBS) or ethanol content (SCEtOH) and pure buffer water content 
(SCAQ); it was calculated according to an equation developed by Dressman 
and coworkers90: 

  	 = 	     Eq. 6 

 
The fold increase in solubility, measured as the ratio of Sapp in BDM over 
Sapp in corresponding pure buffer, was also calculated to assess the impact of 
MLA in FeSSIF (Paper I) and FaSSIF (Papers I and II). In Papers II and III, 
the effect of ethanol on Sapp (assessed as the fold increase) was also calculat-
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ed as the ratio of Sapp in medium spiked with 20% ethanol to Sapp in the cor-
responding medium without ethanol. The combined effect of lipids and etha-
nol was analyzed by calculating the fold increase in solubility as Sapp in 
FaSSGF20%Ethanol to Sapp in NaClpH2.5 and Sapp in FaSSIF20%Ethanol over Sapp in 
PhBpH6.5. Finally the biorelevant effect of 20% ethanol was calculated as the 
fold increase in Sapp in FaSSGF20%Ethanol and FaSSIF20%Ethanol over Sapp in cor-
responding BDM. The variance of the fold increases was calculated as 
standard error (SE) from: 

 = +   Eq. 7  

 
where A and B are mean (n ≥ 3) measured Sapp values and σA and σB are the 
calculated standard errors for the mean solubility values. 

Multivariate data analysis 
Statistical modeling was used to demonstrate the diversity of the dataset and  
to link the measured, estimated and calculated physicochemical properties or 
molecular descriptors to solubility in BDM or solubility increase due to sol-
ubilizing constituents. All statistical modeling was carried out with Simca 
11.0 (Paper I and II) or 13.0 (Paper IV) (Umetrics AB, Sweden).        

Molecular descriptors 
The molecular structures of the studied compounds were collected as simpli-
fied molecular-input line-entry system (SMILES) -strings and manually con-
trolled before they were energy-minimized and converted to 3D molecules 
with implicit hydrogens using Corina (Molecular Networks, Germany). The 
obtained low energy conformers were used as input for three software pack-
ages to calculate molecular descriptors containing 1D, 2D and 3D infor-
mation for the drugs. ADMET Predictor (Simulation Plus, CA) was used to 
predict the lipophilicity of the studied drugs expressed as logP and logD in 
all papers. Dragon X (Talete, Italy) was used in Papers I, II and IV to calcu-
late the values of more than 4500 descriptors ranging from simple size-
correlated properties such as molecular weight and volume to connectivity 
matrix-derived values and charge characteristics.  In Paper II the in-house 
program MAREA was employed to calculate different molecular surface 
areas.  

All calculated descriptors were blinded prior to multivariate data analysis. 
Skewed descriptors with a skewness value over ± 1.5, were log or cubic root 
transformed prior to model development. Any descriptors that were still 



 30 

skewed after transformation were excluded to avoid weighting the model. 
The remaining descriptors were mean centered and scaled to unit variance 
before further analysis.    

Model development 
Principal component analysis (PCA) based on all non-skewed descriptors 
was performed to assess the diversity of the studied datasets. In Paper IV, 
score plots of the PCA models were also used to validate that the selected 
test set reflected the drug space spanned by the training set. Prior to this, the 
data set was sorted according to the Sapp values in FaSSIF and every third 
drug compound was moved to the test set while the remaining compounds 
became the training set. Outliers in the training set identified in the PCA or 
by distance to model X were moved to the test set. No test sets were used in 
Papers I and II as the limited number of studied compounds (10 and 22 re-
spectively) prevented fruitful development of predictive models based on 
subsets thereof. These models were instead primarily developed for linking 
the physicochemical properties to changes in apparent solubility.       

Projection to latent structures (PLS) models were developed to link the 
physicochemical properties and structural features to solubility in BDM 
and/or solubility increase in media as a result of the presence of MLA (Pa-
pers I and II) or ethanol (Paper II). Predictive models for Sapp in FaSSIF and 
HIF were also developed and validated in Paper IV. All responses for predic-
tion, which included Sapp in media, fold increase and SR due to bile salt and 
ethanol (Table 3), were log transformed.  

Table 3. Model responses in Papers I, II and IV  

Response Paper I Paper II Paper IV 

PhBpH6.5 Sapp • •  
FaSSIF Sapp • • • 
AcetatepH5.0 Sapp •  
FeSSIF Sapp •  
Fold increase FaSSIF/PhBpH6.5 • •  
Fold increase FeSSIF/AcetatepH5.0 •  
SR FaSSIF/PhBpH6.5 • •  
SR FeSSIF/AcetatepH5.0 •  
Fold increase PhBpH6.5,20%Ethanol/PhBpH6.5 •  
Fold increase FaSSIF20%Ethanol/PhBpH6.5 •  
SR PhBpH6.5,20%Ethanol/PhBpH6.5  •  

HIF Sapp   • 
n compounds 10 22 112 
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Successive variable selection was employed to reduce model complexity and 
facilitate interpretation while maintaining predictivity and increasing model 
robustness. First large groups (between 50 and 90%) of the descriptors were 
removed until only the 100 most important descriptors for the response in-
vestigated remained. The selection was ranked according to variable of im-
portance for prediction (VIP) and the least important descriptors were re-
moved. After the initial removal of all but the 100 most important de-
scriptors, the selection of variable was continued to remove non-significant 
descriptors based on VIP and loading plots. The process was monitored 
through changes in leave one out Q2 (cross-validated coefficient of determi-
nation (R2)). If the removal of a descriptor was followed by a stable value or 
an increase in Q2, the variable selection continued, but, if Q2 declined as a 
result of the exclusion, the descriptor was reincluded in the model before 
further training. The variable selection continued until no further descriptors 
could be removed without a drop in Q2. In Paper IV an effort to further im-
prove the models based on the calculated descriptors was made. A number of 
experimentally determined properties commonly available during early drug 
development were included in the matrix and evaluated as descriptors. The 
evaluated properties included predicted logDpH6.5, the melting temperature 
and experimentally determined Sapp in PhBpH6.5. If the inclusion of these 
properties added value (increased R2 and/or Q2) they were included in model 
versions based on both calculated descriptors and experimentally determined 
properties.  

The accuracy of the developed models was assessed from R2 and RMSE 
according to: 

= ∑( )
    Eq. 8 

where Obs and Pred was observed and predicted responses respectively and 
n was the number of observations.  

Absorption simulation 
In Paper III, the potential influence of ethanol intake on the plasma concen-
tration of nine drugs (Figure 9) was studied through simulations based on a 
compartmental physiological absorption and transit model and a pharmaco-
kinetic model as implemented in the software GI-sim. Experimentally de-
termined solubilities in simulated gastric and intestinal fasted state media 
with and without 20% ethanol were used as input parameters (Figure 10). 
The effects of ethanol on Sapp were included using calculated solubility fac-
tors for the gastric and duodenal compartment reflecting the fast absorption 
of ethanol in the intestine. The simulations were also repeated for the com-
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pounds with over 15% higher predicted area under the curve (AUC) values 
as a result of the effects of ethanol on drug solubility in the gastric and duo-
denal compartments. In these simulations, unmodified FaSSIF solubilities 
were used to reflect a situation with instantaneous ethanol absorption.   

 
Figure 10. In vitro solubility values used as input for absorption simulations reflect-
ing three scenarios: A represents fasted conditions, B represents concomitant ethanol 
intake, and C represents concomitant ethanol intake with instantaneous ethanol ab-
sorption in the intestine.  

Literature values for drug clearance, and volume of distribution were also 
used as parameters for the simulations, together with a generic particle size 
of 25 µm diameter, calculated diffusivity and predicted effective permeabil-
ity (Peff) values. The standard simulation time was 8 hours during which 
absorption was simulated to occur in a number of gastrointestinal compart-
ments between the stomach and the colon. The simulation time was in-
creased to up to 24 hours for compounds not completely absorbed during the 
first 8 hours. All simulations were also repeated using a smaller particle size, 
with a diameter of 5 µm, to represent changes in formulation or microniza-
tion of API particles. The resulting plasma concentration profiles were com-
pared in terms of time and height of peak concentrations and AUC to assess 
the effects of ethanol on drug absorption.          
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Results and Discussion 

Apparent solubility and dissolution rate (Papers I-IV) 
When this project was initiated dissolution testing in BDM was primarily 
performed in large volume dissolution baths (500-900 mL)87, 111-115. This 
prevents the study of the dissolution rates of compounds in early stages of 
drug development, since access to solid material is limited at this point. The 
high cost of pure TCA and PC combined with the large volume of medium 
needed for testing in traditional USP apparatuses also reduces the applicabil-
ity in settings outside dissolution testing for very low numbers of dosage 
forms and media combinations. Solubility determinations in BDM using 
shake flask experiments are also routinely performed but the time-
consuming sampling and chromatography method development and analysis 
also limit the usefulness of the determinations during early drug develop-
ment where a high number of compounds may need to be tested. Sampling 
also limits the number of possible measurement time points, which in turn 
limits the possibility of obtaining kinetic information (such as dissolution 
rate) from shake flask solubility experiments. This thesis describes the de-
velopment of a new miniaturized method for experimental determination of 
apparent solubility and IDR of powders in BDM volumes as small as 4 mL. 
Calculation of the dissolution rate was modified to take the effective drug 
diffusivity in BDM (based on the aggregate size and the affinity of the com-
pound for the aggregates) into account, allowing the IDR to be measured 
from the powder. This modification significantly reduced the amount of 
solid material and dissolution medium needed to perform the dissolution rate 
measurements, enabling the study of a large number of compounds in a vari-
ety of BDM. In the thesis we studied FaSSGF (Paper III), FaSSIF (Papers I 
and II), FeSSIF (Paper I) and the corresponding blank media to test up to 22 
compounds. Ethanol-spiked media were also studied successfully (Papers II 
and III). The method provides high quality solubility results that are in line 
with the results of shake flask experiments (Figure 11). It allows minute 
amounts of powder to be tested, making it suitable for use in all but the very 
first stages of the drug discovery and development process, since solid mate-
rial is needed. As each spectrum of the time points in the channels are stored 
stability issues or powder induced inference is easy to detect. After devel-
opment and validation, the method was successfully used to determine the 
Sapp of a large number of drug compounds in a wide range of media. The 
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experimental values are tabulated in Tables 4, 5 and 6. The developed meth-
od has been rapidly adopted by academia as well as industrial laboratories 
and is now a standard technique for measuring the solubility and dissolution 
rate of compounds in BDM66, 116.  

 
Figure 11. Correlation between apparent solubility values measured with the µDiss 
method (developed inhouse) and the traditional shake flask experiments (obtained 
from the literature). Compounds tested in aqueous media (phosphate buffer pH 6.5 
or water) were corticosterone and progesterone35. Carvedilol and warfarin62 were 
determined in FaSSIF and cinnarizine117, danazol62 felodipine62, 118, 
glibenclamide117, griseofulvin119, 120, indomethacin117, 121 and ketoconazole121 were 
measured in both buffer and FaSSIF.  
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Table 4. Apparent solubility and dissociation constants (pKa, determined at 37°C in 
0.15M KCl) of the studied drugs in blank media.  

Substance pKa 
Apparent solubility µM 

NaClpH2.5 AcetatepH5.0 PhBpH6.5 

Albendazole 3.86 ± 0.02 (b)
9.94 ± 0.02 (a) - 4.1 ± 0.0 3.2 ± 1.4 

Astemizole 5.34 ± 0.10 (b)
8.29 ± 0.08 (b) - 540.7 ± 13.1 41.9 ± 0.4 

Carvedilol 7.80 ± 0.07 (b) - 597.8 ± 4.9 113.2 ± 2.5
Cinnarizine 7.45 (b) 1542.2 ± 146.2 32.0 ± 0.5 3.8 ± 6.8
Clotrimazole - - 15.7 ± 1.9 6.7 ± 0.9
Corticosterone n.a - 358.4 ± 24.0 262 ± 6.0
Danazol n.a - 2.7 ± 0.3 1.8 ± 0.0
Dipyridamole 6.20 ± 0.02 (b) 2491.8 ± 135.3 78.5 ± 1.2 12.5 ± 0.2
Disopyramide 9.89 ± 0.06 (b) - 795.4 ± 72.7 577 ± 16.7
Felodipine n.a 3.0 ± 0.3 2.9 ± 0.0 3.1 ± 0.0
Glibenclamide 5.88 ± 0.05 (b) - 0.6 ± 0.0 9.1 ± 2.2
Griseofulvin n.a 37.0 ± 5.2 32.3 ± 3.5 42 ± 3.2
Haloperidol 8.55 ± 0.10 (b) - 326.8 ± 20.7 207.2 ± 15.5 
Indomethacin 3.91 ± 0.09 (a) 8.4 ± 1.2 41.6 ± 0.6 612.1 ± 218 
Indoprofen 4.02 ± 0.07 (a) 2.8 ± 1.1 220.5 ± 19.4 1050.1 ±  59.8 
Ketoconazole 3.37 ± 0.21 (b)

6.32 ± 0.17 (b) - 25.5 ± 3.1 27.7 ± 2.3 

Naproxen 4.23 ± 0.06 (a) - 520.2 ± 49.3 1003.2 ± 88.8 
Omeprazole 4.22 ± 0.22 (a)

8.21 ± 0.14 (b) - 563 ± 41 522.7 ± 37.1 

Progesterone n.a 5.3 ± 0.9 44.4 ± 1.1 35.8 ± 3
Sulfasalazine - - 111.4 ± 11.0 323 ± 8.8
Tamoxifen 11.17 ± 0.07 (b) - 60.8 ± 2.4 15.9 ± 0.5
Terfenadine 8.76 ± 0.03 (b) 472.4 ± 49.4 - 28.8 ± 2.8
Tolfenamic acid 4.08 ± 0.04 (a) 0.1 ± 0.0 3.1 ± 0.0 104.7 ± 1.9
Warfarin  4.73 ± 0.07 (a) - 77.5 ± 11.0 643.3 ± 6.7 
Acid functions are denoted (a) while base functions are shown as (b). Not deter-
mined values are denoted (-) while (n.a) in the pKa column indicates that no func-
tions are ionizable in the pH range 2-12. Phosphate buffer is abbreviated PhB.     
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Table 5. Apparent solubility of the studied drugs in biorelevant dissolution media.   

Substance 
Apparent solubility µM 

FaSSGF FaSSIF FeSSIFpH6.5 FeSSIF 

Albendazole  - 7.2 ± 0.0 - 23 ± 0.4 
Astemizole - 213.5 ± 4.6 239.9 ± 33.8 396.8 ± 2.2 
Carvedilol - 137.5 ± 2.5 243.9 ± 1.2 750.3 ± 4.9 
Cinnarizine 1488 ± 47.3 36.4 ± 2.4 78.3 ± 1.5 303.9 ± 5.4 
Clotrimazole - 10.1 ± 1.1 - 206.1 ± 17.3 
Corticosterone - 529.8 ± 30.6 646.1 ± 29.4 344.4 ± 10.9 
Danazol - 24.9 ± 2.1 93.3 ± 10.2 85.3 ± 1.2
Dipyridamole 1951.5 ± 10.7 23 ± 0.1 225.5 ± 16 271.9 ± 12.3 
Disopyramide - 927.2 ± 24.3 1691.2 ± 80.6 1846.5 ± 156.3 
Felodipine 6 ± 1.1 141.8 ± 9.6 492.1 ± 4 616.7 ± 2.6 
Glibenclamide - 9.5 ± 0.2 - 5.1 ± 0.4
Griseofulvin 37.8 ± 1.2 66.3 ± 5.1 - 82.9 ± 9.6
Haloperidol - 294.3 ± 2.4 347.9 ± 31.7 321.7 ± 19.4 
Indomethacin 4.8 ± 0.5 1238.1 ± 27.9 1320.4 ± 82.2 304.6 ± 19.6 
Indoprofen 28.3 ± 10.8 2176 ± 95.4 2010.4 ± 141.6 648.6 ± 58.5 
Ketoconazole - 314.3 ± 26 - 639.5 ± 28.8 
Naproxen - 2153.8 ± 116 2627.8 ± 199.4 1006.1 ± 69.9 
Omeprazole - 802.9 ± 64.2 - 728.8 ± 34.4 
Progesterone 33.5 ± 0.5 81 ± 3.5 258.2 ± 10.5 249.9 ± 51.4 
Sulfasalazine - 458 ± 54.7 819.4 ± 62.8 292 ± 18.1
Tamoxifen - 19.9 ± 5.4 600.8 ± 37.9 635.2 ± 35
Terfenadine 589.2 ± 24.1 188.7 ± 8.5 - -
Tolfenamic acid 1.7 ± 0.8 240.7 ± 10.3 295 ± 37.6 156.7 ± 1.9 
Warfarin - 1160.1 ± 108.4 1200.9 ± 10.8 49.6 ± 11.4 
The following abbreviations are used: Fasted state simulated gastric fluid (FaSSGF) 
was modified and pH adjusted to 2.5, fasted state simulated intestinal fluid(FaSSIF); 
fed state simulated intestinal fluid(FeSSIF). FeSSIFpH6.5 was prepared using PhBpH6.5.  
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aThe apparent dissociation constant(psKa) at 37°C was determined in 0.15 M KCl 
with 20% ethanol. Acid functions are denoted (a) while base functions are shown as 
(b). Not determined values are denoted (-) while (n.a) in the pKa column indicates 
that no functions are ionizable in the pH range 2-12.    

Solubility modulation in simulated gastrointestinal 
media (Papers I-III) 
It is well known that pH is the most important parameter influencing the 
solubility and dissolution of ionizable compounds in the GIT. Consequently 
all pKa values in the physiologically relevant pH range were determined at 
37°C in an aqueous medium and psKa20%ethanol was measured in the medium 
containing 20% ethanol. As expected, the pKa for bases decreased in the 
presence of ethanol while the psKa20%ethanol values for the studied acidic drugs 
were higher than the respective pKa values122, 123.  
The studies in buffers and in simulated media containing MLA confirmed 
the strong impact of pH on drug solubility. Charge had a profound impact on 
the solubility of the studied acidic or basic drugs in BDM and the corre-
sponding blank media (Figure 12). The acidic compounds Sapp were orders of 
magnitude higher in FaSSIF at pH 6.5 (where they predominantly exist in 
the negatively charged form) compared to in FaSSGF at pH 2.5 (where they 
are non-ionized and neutral). Compounds with basic protolytic functions are, 
on the other hand, often only slightly charged at pH 6.5 but are completely 
protonated and charged in the acidic gastric milieu, and are therefore rela-
tively soluble in the stomach. As expected, the Sapp of the neutral compounds 
was unaffected by pH. The measured Sapp values of the ionizable compounds 
as a function of pH did not strictly abide by the Henderson-Hasselbalch the-
ory. The profiles were substance-specific and overall the slopes (k) of the 
linear part of the pH-dependent curve were lower for acids (0 < k <1) and 
higher for bases (-1 < k <0) as compared to the theoretical values. This indi-
cated that the solute and species in the buffer solution were interacting re-
ducing the solubility of the drug molecule. Conversely slopes above 1 for 
acids and less than -1 for bases indicates self-aggregation, producing small 
cat- or anionic aggregates, of bases and acids, respectively124, 125. The in-
creases in the Sapp values for acids and bases were less than the expected 
logarithmic unit each incremental increase or decrease in pH related to the 
pKa. The dependence of weak bases on pH has previously been shown to be 
substance specific and not to follow the Henderson-Hasselbalch equation 
and, hence, the pH profiles observed when studying gastric to intestinal pH 
confirmed previous observations124.     
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Figure 12. Charge and apparent solubility (Sapp; mean ± standard deviation, n=3) of 
two acidic (indomethacin and indoprofen), two neutral (felodipine and griseofulvin), 
and two basic (cinnarizine and dipyridamole) drugs in NaClpH2.5(red bars), ace-
tatepH5.0 (light blue bars) and PhBpH6.5 (blue bars). 

Mixed lipid aggregate solubilization (Papers I-III) 
Non-ionizable compounds and uncharged protolytes were efficiently solubil-
ized by the MLA present in the simulated intestinal media in a concentration 
dependent manner. This has also been shown in other studies62, 90, 126. All 
studied compounds had a higher relative solubility due to MLA solubiliza-
tion in FeSSIF than in FaSSIF (Figure 13).The low amounts of lipids present 
in FaSSGF did not influence the Sapp of seven of the studied compounds but 
the Sapp of the two compounds with highest lipophilicity at gastric pH (fe-
lodipine and tolfenamic acid) was higher in FaSSGF than in the correspond-
ing blank solution. Felodipine is a non-ionizable, highly lipophilic com-
pound with a calculated logP of 4.8. Its solubility was doubled as a result of 
the lipids in FaSSGF, was 45 times higher in FaSSIF than in PhBpH6.5 and 
was over 200 times more soluble in FeSSIF than in AcetatepH5.0. The neutral 
but less lipophilic (logP 2.5) compound griseofulvin was also solubilized by 
MLA in the simulated intestinal media, but to a much lower extent. The sol-
ubility of griseofulvin was just over 50% higher in FaSSIF than in the corre-
sponding blank buffer and despite the high content of lipids in FeSSIF the 
fold increase over the blank buffer was only around 2.6. Griseofulvin has 
been extensively studied in BDM; the reported solubilities range from values 
in line with those measured using the method described here119 to lower val-
ues but with a slightly  higher fold increase due to MLA127. Despite the mod-
est solubilization seen here and in other studies, this compound has been 
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reported to have clear food effects, with increased absorption after intake of 
lipid-rich food128-130. One reason for the pronounced effects of fat on in vivo 
absorption could be the high doses of up to 1g of griseofulvin being adminis-
tered131. Only a small fraction of this high dose will be able to dissolve in the 
intestinal fluid (Do>>1) and even a relatively small increase in apparent 
solubility will translate to a higher amount of dissolved drug available for 
absorption. Combined with the high permeability of griseofulvin 
(Peff:7.3 × 10-4 cm/s)98 this leads to increased bioavailability.    

The link between solubilization and lipophilicity was also pronounced for 
ionizable compounds and logD at pH 6.5 or 5.0 was identified as a good 
predictor of the SR in intestinal media. Cationic compounds were more ef-
fectively solubilized than anionic drugs by MLA, probably because of the 
anionic net charge of the aggregates. The interaction of carvedilol with, and 
solubilization by, small pure TCA micelles (3 nm diameter132)  has been 
explained to be driven by hydrophobicity rather than electrostatic forces133. It 
is likely that these findings are also applicable to the much larger mixed 
micelles or vesicles consisting of TCA and PC in fed and fasted simulated 
intestinal fluids, respectively, i.e. that the solubilization of the studied com-
pounds is  hydrophobically driven and is suppressed by electrostatic repul-
sion between MLA and anions. 

 
Figure 13. Solubilization of the studied drugs by mixed lipid aggregates in FaSSGF, 
FaSSIF, and FeSSIF given as the fold increase of Sapp in biorelevant dissolution 
medium over Sapp in the corresponding blank medium. 
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Ethanol cosolvency (Papers II and III) 
Ethanol is a common excipient used as a co-solvent  in liquid formulations44, 
with concentrations up to ~12 % in cyclosporine capsule formulations and 
above 40% v/v in oral solutions. Alcoholic beverages also contain ethanol, 
usually in the range of 5% in beer to 12% in wine and up to 40% in vodka 
and whiskey. Our hypothesis was that solubility and/or dissolution rate of a 
hydrophobic drug in a solid dosage form might significantly increase when 
taken with ethanol, and that drug plasma concentration will increase in a 
manner similar to that observed during dose dumping134, 135. This inspired us 
to also study the impact of ethanol on the dissolution and absorption of im-
mediate release formulations of soluble drugs (Paper III). 

Ethanol lowers the dielectric constant of the aqueous outer phase of FaS-
SIF (73 in pure water and 62 in 20% v/v ethanol at 37°C136), and therefore 
increases the solubility of nonpolar compounds. This means that unionized 
compounds are likely to be affected by the 20% ethanol to a greater extent 
than ionized drugs. Hydrogen bonding between water molecules is disturbed 
in media containing ethanol and, hence, the water molecules become less 
efficient at forcing non-polar compounds out of solution.  Ethanol also af-
fects the colloidal structure of TCA/PC vesicles. The dynamic light scatter-
ing study of the MLA revealed that they are monodispersed with a diameter 
of 59 ± 5 nm in FaSSIF and are larger and more variable in size (94 ± 35nm) 
when FaSSIF is spiked with 20% ethanol (Figure 14).  

 
Figure 14. Aggregate size distribution in FaSSIF with (gray) and without (white) 
20% v/v ethanol. Triplicates from dynamic light scattering experiments are shown 
with log Gaussian curve fitted to the distributions. 
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The solubility of neutral and lipophilic compounds was considerably in-
creased in the intestinal medium spiked with ethanol (Figure 15). The struc-
ture of dipyridamole contains a basic function but, because of the low pKa 
(6.2, determined in Paper II) the molecule is mainly uncharged in both buffer 
pH 6.5 and in FaSSIF. As the psKa of the function is significantly shifted 
downward, to result in a measurement of psKa,20%EtOH 5.6, dipyridamole was 
completely uncharged in FaSSIF containing ethanol. The interaction be-
tween dipyridamole and zwitterionic lysophosphatidylcholine micelles has 
previously been shown to be stronger when the compounds is unionized137. 
The substance is more efficiently solubilized by the MLA in the presence of 
ethanol, which reduces its tendency to ionize and its solubility in the contin-
uous phase is likely also increased when ethanol is present. In comparison 
the relative contribution of ethanol to the solubility of felodipine was consid-
erably lower in FaSSIF as compared to that measured in the corresponding 
buffer. This should be seen in the light of the great impact that the MLA 
(e.g. in FaSSIF and FeSSIF) have on the solubility of felodipine, which 
probably masked the effect of ethanol.  The addition of ethanol also increas-
es the viscosity138 and reduces the surface tension139, 140 of water based sys-
tems. 

 
Figure 15. The effects of ethanol on the solubility of the studied drugs blank media 
(NaClpH2.5 and PhBpH6.5) and fasted state BDM presented as the fold increase in the 
apparent solubility in media containing 20% v/v ethanol over the apparent solubility 
in corresponding media without ethanol. 
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Solubility classification (Papers I and II) 
The investigated drugs were assigned to apparent BCS classes141, with regard 
to solubility, by calculating Do according to equation 2.The measured Sapp in 
the studied dissolution media, the normal or maximum dose in milligrams, 
and 250 mL volumes were used in all calculations. The results were ana-
lyzed to determine which compounds were likely to be affected by food (Pa-
per I) or ethanol (Paper II) intake. Compounds that were classed as soluble 
in FeSSIF but not in FaSSIF or had a high FeSSIF/FaSSIF ratio were 
deemed to be potentially sensitive to food effects119, 142. Similarly com-
pounds with a Do <1 in media containing ethanol but a >1 in FaSSIF were 
classed as potentially ethanol-sensitive (Figure 16). Two compounds, felodi-
pine and carvedilol were classed as not completely soluble in FaSSIF but 
able to dissolve completely in 250 mL of FeSSIF. Of the 22 compounds 
studied in Paper II 30% were deemed as potentially sensitive to concomitant 
ethanol intake due to the shift in Do from < 1 in FaSSIF to >1 in FaS-
SIF20%EtOH.   

 
Figure 16. Assignment of ten compounds studied in Papers I and II to their apparent 
BCS class. None of the compounds studied in Paper I were classed as soluble in 
phosphate buffert at pH 6.5, whereas astemizole, indomethacin and tamoxifen were 
classed as soluble in FaSSIF. Astemizole, carvedilol, felodipine and tamoxifen were 
classed as soluble in FeSSIF. In addition to these glibenclamide was deemed as 
potentially ethanol-sensitive because of the shift in solubility classification from not 
completely soluble in FaSSIF to soluble in FaSSIF containing 20% v/v ethanol (Pa-
per II).     
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Further the more physiologically relevant BCS classification based on Do 
calculated from solubility measurements in BDM revealed that lipophilic 
compounds were more likely to become completely soluble in media con-
taining MLA than in buffers. As the solubility criterion in the current BCS 
for regulatory purposes  is based on solubility in aqueous buffers in the pH 
interval of 1.0 up to 7.5, a potential discrepancy is implied between the in 
vitro classification results and the characteristics observed for these com-
pounds in vivo143. Acidic drugs that are also lipophilic can exhibit extremely 
poor solubility at the lower end of this pH interval while being completely 
soluble in the intestine. Also neutral lipophilic compounds can be efficiently 
solubilized in the MLA containing intestinal fluid allowing faster dissolution 
and absorption than suggested by in vitro testing in buffers. Indeed this could 
indicate that the in vivo absorption of lipophilic compounds is limited by 
neither the dissolution rate nor the solubility although the in vitro data would 
indicate that it is.   
 

Absorption simulation (Paper III) 
Absorption simulations provide an opportunity to test the potential conse-
quences of formulation strategies or other scenarios that might affect drug 
uptake. In this thesis simulations were used to test the potential effects of 
concomitant ethanol intake on the drug absorption of immediate-release drug 
formulations. The simulations revealed that the absorption of poorly soluble, 
freely permeating, non-charged drugs was likely to be increased, or at least 
the absorption constant was increased, when ethanol is present in gastric and 
duodenal compartments (Table 7). 

Table 7. Effects of ethanol on the absorption of unionized compounds in the small 
intestine.a   

Substance 
Fasted  Concomitant ethanol intake 

Cmax 

ng/mL 
Tmax 
(h) 

Fabs 
(%) 

Cmax 
(ng/mL) 

Tmax 
(h) 

Fabs 
(%) 

Fabs 
ratio 

Felodipine 1.6 2.6 15 4.0 1.6 31 2.1 
Griseofulvin 660.3 6.2 11 736.3 6.1 13 1.2 
Progesterone 4283.0 3.3 44 4971.0 2.8 52 1.2 
Dipyridamole 1.9 5.9 1.7 2.7 1.5 2.5 1.5 

Plasma concentration peak information includes maximal concentration (Cmax) and 
time (Tmax). Fabs indicates simulated absorbed fraction of given dose. Fabs ratio is 
calculated as Fabs with concomitant ethanol over fasted Fabs. 

The results from the simulations with ethanol only present in the stomach, as 
a case study for very rapid ethanol absorption upon gastric emptying, sug-
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gested that only highly lipophilic compounds already solubilized to a large 
extent by MLA in intestinal media will still exhibit increased absorption 
under these conditions (Figure 17). This was the case for felodipine which 
had a modest fold increase of around two due to ethanol in the intestinal 
medium while its solubilization by MLA in FaSSIF resulted in a 45-fold 
increase compared to blank buffer. The simulations based on micronized 
particles revealed that the peak plasma concentration was increased both in 
the fasted state and with concomitant ethanol. This effect was due to the 
increased surface area available for dissolution. The relative impact of etha-
nol on absorption expressed as Fabs ratio was, however, decreased from 2.1 to 
1.2 when the particle size was reduced from 25 µm to 5µm diameter.   

 
Figure 17. Predicted plasma concentration profiles for felodipine simulated in the 
fasted condition (gray curve) or concomitantly with ethanol (blue curve). The black 
curve shows the predicted plasma concentrations where ethanol only affects solubili-
ty in the stomach and not in the duodenal compartment. Dashed curves shows pro-
files from simulations using micronized particles.     

It should be noted that the fast absorption of ethanol from the intestine could 
potentially lead to a supersaturation of the drug as a result of the temporarily 
increased solubility. That is, if a large fraction of a dose is dissolved due to 
the drugs high apparent solubility in 20% ethanol a supersaturated solution 
can occur when the ethanol is absorbed in the intestine. If this supersatura-
tion is stabilized by excipients or constituents of the intestinal fluid absorp-
tion could potentially be increased even more than a continuously solubil-
ized situation, which could potentially reduce the apparent      
permeability144, 145. Both the situations shown in B and C in Figure 6 (ethanol 
diluted and absorbed fast or instant) this was accounted for in the simula-
tions by applying the ethanol effects as factors affecting free concentration, 
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whereas effects of MLA were modeled as an affinity for the lipid fraction of 
the intestinal fluid.      

To summarize, the studies of the effects of ethanol on drug solubility and 
absorption indicated that there may be a need to investigate also immediate 
release formulations as well as extended-release formulations for ethanol 
sensitivity. The results indicate a need for such investigations for compounds 
that are lipophilic and uncharged at intestinal pHs. These GI-Sim simulations 
also further strengthen the view that some acidic and lipophilic compounds 
are incorrectly classified as poorly soluble because of their low intrinsic 
solubility under conditions irrelevant to those under which the absorption 
actually occurs (e.g. the small intestine, with a pH of ~6.5 and MLA pre-
sent). This is particularly true for weak acids, which are classified as poorly 
soluble drugs as a result of the low pH in the stomach despite them being 
completely soluble at the pH of the small intestine where most of the absorp-
tion occurs. Indeed, the simulations clearly identified that the absorption 
would be complete for the three acids investigated in Paper III. 

Solubility predictions (Paper I, II and IV) 
In silico predictions allow evaluation of compounds even before they have 
been synthesized and are thus very attractive in early drug discovery when 
virtual libraries are designed. Important progress has been made in the field 
of computational prediction of aqueous solubility in the pharmaceutical in-
dustry over the past 20 years, but, because the fluids in the GIT are not just 
water or simple buffers, new models are required. Commercial predictive 
models for solubility in simulated gastrointestinal media based on the artifi-
cial neural network (ANN) technique have been developed and released by 
Simulations Plus as a part of the ADMET predictor software. The PLS mod-
els developed in this thesis (Paper IV) are the first to predict the solubility of 
drugs in FaSSIF based on a transparent literature dataset. The model for the 
prediction of apparent drug solubility in HIF is the first of its kind. The PCA 
score plots revealed the distribution of the data set in chemical space and 
were used to identify outliers and clustering of structurally similar molecules 
(Figure 18). 
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Figure 18. PCA score plots of the studied drugs in Papers I-III (left) and the includ-
ed literature set used in Paper IV (right). 

A large number of PLS models were successfully developed (Table 5).  The 
models developed in Papers I and II primarily provided insights into the 
molecular features associated with increased solubility in media with MLA 
and/or ethanol while the models in Paper IV were developed and validated 
for their performance in predicting of solubility in FaSSIF and HIF. All the 
developed models were based on one or two principal components and con-
tained two to ten descriptors. Generally, responses based on fold increase or 
the SR were more powerful than those based on solubility responses (Papers 
I and II). The logDpH 6.5 value was selected as an important variable for pre-
dicting both fold increase and SR in FaSSIF in Papers I and II. However no 
simple lipophilicity descriptor was found to be important for the prediction 
of any of the Sapp values in Papers I, II and IV. The models developed in 
Paper IV were improved by the addition of experimentally determined solu-
bility in PhBpH6.5. Further, the developed FaSSIF model was used to establish 
a consensus model with the ANN FaSSIF model provided by Simulations 
Plus. The consensus model improved the predictions (from RMSE 0.77 and 
0.82, respectively, to 0.70 combined) and especially improved predictions 
for the outliers from the included models. This indicates that the employed 
modeling techniques complement each other and where one fails the other 
might perform better.    
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Table 8. The developed projection to latent structures (PLS) models.  

Response  
Tr-
set 

Test
set 

R2 Q2 
PCs 
(n) 

Descr. 
(n) 

RMSE Paper 

PhBpH6.5 Sapp 10 - 0.82 0.66 1 4 0.38 I 
 22 - 0.81 0.76 2 5 0.41 II 
AcetatepH5.0 Sapp 10 - 0.85 0.72 1 2 0.53 I 
FaSSIF Sapp 10 - 0.86 0.71 1 4 0.33 I 
 22 - 0.82 0.79 1 5 0.32 II 
 56 49 0.69 0.64 2 7 0.77 IV 
with PhB Sapp as descriptor 56 47 0.76 0.7 2 7 + 1 0.65 IV 
FeSSIF Sapp 10 - 0.79 0.66 1 4 0.34 I 
PhBpH6.520%Ethanol Sapp 22 - 0.78 0.71 1 5 0.46 II 
FaSSIF20%Ethanol Sapp 22 - 0.82 0.73 2 6 0.36 II 
FaSSIF/PhBpH6.5 10 - 0.91 0.84 1 4 0.18 I 
 22 - 0.88 0.8 2 6 0.17 II  
FeSSIF/AcetatepH5.0 10 - 0.95 0.92 1 4 0.22 I 
SR FaSSIF/PhBpH6.5 10 - 0.88 0.83 1 3 0.22 I 
 22 - 0.82 0.71 2 5 0.21 II 
SR FeSSIF/AcetatepH5.0 10 - 0.92 0.87 1 2 0.23 I 
PhBpH6.5,20%EtOH/PhBpH6.5 22 - 0.72 0.69 1 7 0.18  II 
FaSSIF20%EtOH/PhBpH6.5 22 - 0.78 0.64 2 7 0.16 II 
SR PhBpH6.5,20%EtOHl/PhBpH6.5 22 - 0.72 0.67 1 8 0.18 II 
HIF Sapp 43 26 0.84 0.78 2 9 0.80 IV 
PhB Sapp as descriptor 43 26 0.86 0.79 2 9 + 1 0.68 IV 
All responses were log-transformed. Tr and Test set is the number of compounds in 
training and test sets respectively. PC and Descr is the number of principal compo-
nents and descriptor in the final models. RMSE is the root mean square error of the 
estimation for all models without test sets while RMSE for models with test sets are 
given for the predictions.  
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Conclusions 

This thesis presents experimental and computational models for predicting 
apparent solubility in human gastrointestinal fluids. The studies were carried 
out to increase understanding of factors that influence the apparent solubility 
of drugs in the gastro intestinal tract and of how this affects the bioavailabil-
ity of lipophilic and poorly soluble drugs. 

The specific conclusions of this thesis were: 
 
• A miniaturized method for measuring the dissolution rate and apparent 

solubility of poorly water-soluble compounds in biorelevant dissolution 
media was developed. The method allows real-time assessment of con-
centrations as dissolution occurs and has to date been used for com-
pounds with solubility as low as 0.024 µg/mL. The method was validat-
ed for solubility using the shake flask method and the data obtained with 
the two methods were in excellent agreement. 
 

• The increase in solubility as a result of mixed lipid aggregates in fasted 
and fed state simulated intestinal fluid was found to be substance-
specific and >200-fold higher solubility was found for particular com-
pounds because of the micellar aggregates in the fed-state fluid as com-
pared to buffer. The effects of 5% ethanol in fasted state intestinal fluid 
were found to be modest for most compounds. The solubility for the 
compounds studied in the thesis at 20% ethanol ranged from almost 20-
fold higher to 30% of that observed in buffer. 

  
• Lipophilicity expressed as logD was identified as a good predictor of 

solubility increases due to solubilization in mixed lipid aggregates. Neu-
tral compounds were, in general, more efficiently solubilized by the ag-
gregates than charged compounds. Further, cationic drugs were solubil-
ized to a greater extent than drugs with an anionic charge. The solubility 
of anionic drugs and compounds without charge were on the other hand 
more affected by the addition of 20% ethanol to the media.   

 
• Solubility classification based on the maximum dose revealed that the 

absorption of two of the ten studied compounds was likely to be in-
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creased due to food intake. A third of the 22 compounds studied for eth-
anol effects were sensitive to concomitant ethanol intake. These were 
mainly uncharged and lipophilic drug molecules. Absorption simulations 
indicated that ethanol can potentially increase the absorption of high 
doses of such compounds. 

 
• Predictive projection to latent structure models of apparent solubility in 

fasted state simulated intestinal fluid and aspirated human intestinal flu-
ids were successfully developed and validated. The models were based 
on calculated descriptors alone and were improved further by the inclu-
sion of the measured apparent drug solubility in phosphate buffer as a 
descriptor. A consensus model was established using the developed fast-
ed state simulated intestinal fluid model and a corresponding model de-
veloped using an artificial neural network. This further improved the 
predictions and reduced the errors and outliers predicted using the indi-
vidual models. 
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Future perspectives 

Biorelevant dissolution media have lately become important for the study of 
dissolution behavior and solubility of drugs under simulated physiological 
conditions. The composition of the media will likely continue to vary de-
pending on their purpose of use. The ability to reflect gastrointestinal fluids, 
stability, ease of use, and cost of preparation are important aspects with im-
plications in choice of medium. Medium complexity and ability to accurately 
reflect physiological conditions is not necessarily connected and the large 
amount of determined solubility values of drugs in traditional FaSSIF and 
FeSSIF will likely ensure their continued use.  The media that have been 
used and validated with the method are so far all transparent, unlike more 
complex fed state fluids. However, the relative robustness of the second 
derivative of absorbance method for concentration determination may allow 
testing in more opaque media that may be produced when e.g. more lipids 
are included in the media.    

A key feature with in situ monitoring of concentration is the potential to 
study fast changes. With only small modifications the developed method can 
be used to study any process related to drug release in biorelevant fluids. 
Dissolution of pharmaceutical salts or solid dispersions can be very rapid 
and also result in a supersaturation and subsequent precipitation. The low 
amount of solid substance required for the dissolution profiling makes the 
method suitable for the study of early salt or polymorph selection.  Precipita-
tion kinetics can of course also be studied using solvent shift technique from 
acidic to neutral media reflecting the gastrointestinal pH gradient or concen-
trated DMSO-stock solutions.  As solid state properties affect dissolution 
behavior and may drive precipitation it would be of interest to also study 
these with the µDISS equipment. Solid-state transformations could potential-
ly be monitored in real time during dissolution using a Raman probe. 

Solubility predictions based on calculated descriptors generally can be 
performed with errors within one logarithmic unit. This makes predictions of 
solubility in both water and in BMD useful primarily as qualitative classifi-
cation tools. The models developed in this thesis can be used to identify 
compounds that are likely to exhibit low, moderate and high solubility in 
fasted state intestinal media. More data is needed before predictive models 
for solubility in fed state media can be developed and validated. Information 
on solid state properties can be included in multivariate models as experi-
mentally determined descriptors, but for the lipophilic drug molecules stud-
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ied in this thesis, melting temperature did either not affect solubility signifi-
cantly or this property did not reflect solid state interactions adequately. The 
solid state properties of the complex molecules may be more accurately re-
flected by other experimentally determined values, such as entropy or en-
thalpy of fusion.  

Another interesting computational tool to apply for a better understanding 
of the processes on-going in the intestine is Molecular Dynamics simula-
tions. The mechanisms involved in the solubilization of drugs in bilesalt and 
phospholipid aggregates can potentially be studied using molecular dynam-
ics simulation.         
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Populärvetenskaplig sammanfattning  

Moderna strategier för läkemedelsutveckling har inneburit att många nya 
aktiva substanser är fettlösliga och därför ogärna löser sig i vatten. För att ett 
läkemedel ska kunna utöva sin effekt i kroppen måste det först nå blodcirku-
lationen. Aktiva substanser som intas i tablettform måste, för att kunna tas 
upp i kroppen över tarmväggen, först lösa upp sig till enskilda läkemedels-
molekyler. I vilken utsträckning detta sker beror på hur bra substansen är att 
lösa sig i de vätskor som finns i magtarmkanalen. En grov uppskattning på 
detta kan göras genom att mäta eller uppskatta läkemedlets vattenlöslighet, 
men mag- och tarmsaft består inte enbart av vatten. Den sura miljön i mag-
säcken leder till att läkemedelsmolekyler med basiska funktionella grupper 
blir laddade och därmed mer benägna att lösas. Längre ned i magtarmkana-
len blir miljön mer basisk vilket leder till ökad löslighet hos läkemedel med 
syra-funktioner. Vidare innehåller vätskan i tarmen gallsalter och fettmole-
kyler som tillsammans bildar små aggregat som fettlösliga substanser kan 
lösas i. Sammantaget gör detta att läkemedel kan uppvisa flera hundra 
gånger högre löslighet i biologiskt relevanta vätskor jämfört med i rent vat-
ten. Intag av mat och alkohol kan ytterligare öka lösligheten hos fettlösliga 
substanser.   

För att bättre förstå de mekanismer som styr lösligheten av läkemedel i 
biologiskt relevanta vätskor har en metod för samtidig bestämning av löslig-
het och upplösningshastighet av svårlösliga läkemedel i vätskor som efter-
liknar mag- och tarmsaft utvecklats. Ett stort antal kombinationer av läke-
medel och vätskor har undersökts för att utröna vilka egenskaper eller funkt-
ionella grupper hos molekyler som är kopplade till hög respektive låg löslig-
het och upplösningshastighet i dessa vätskor.  Resultaten från försöken har 
vidare analyserats för att identifiera substanser vars upptag kan påverkas av 
mat eller alkoholintag. Fettlösliga och oladdade substansers löslighet påver-
kades i större grad av de aggregats som återfinns i tarmvätskor samt av till-
sats av alkohol. Datorsimuleringar har också visat att absorptionen av sådana 
substanser kan påverkas, med högre läkemedelskoncentrationer och ökad 
risk för biverkningar som följd.   

De experimentella resultaten har vidare, tillsammans med ett stort antal 
löslighetsvärden från den vetenskapliga litteraturen använts för att utveckla 
statistiska beräkningsmodeller för att kunna förutsäga en substans löslighet 
utifrån dess molekylära struktur. De utvecklade modellernas prediktiva för-
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måga förbättrades ytterligare genom att inkludera löslighetsresultat från en 
enkel buffert.  

De metoder och modeller som tagits fram under avhandlingsarbetet kan 
användas för att underlätta beslut under läkemedelsutveckling. Det kan i sin 
tur leda till snabbare och effektivare utveckling av nya läkemedel med säk-
rare och billigare produkter som följd.  
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