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To my beloved family

"Would you tell me, please, which way I ought to go from here?" 

"That depends a good deal on where you want to get to," said the Cat. 

"I don’t much care where --" said Alice. 

"Then it doesn’t matter which way you go," said the Cat. 

"-- so long as I get SOMEWHERE," Alice added as an explanation. 

"Oh, you’re sure to do that," said the Cat,  

"if you only walk long enough."  

(Alice's Adventures in Wonderland)  

        Lewis Carroll 
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Abbreviations  

ADME(T) absorption, distribution, metabolism, excretion, (toxicity) 
ANOVA analysis of variance 
API active pharmaceutical ingredient 
ATR attenuated total reflection 
BA bioavailability 
BCS Biopharmaceutical Classification System 
CD candidate drug 
CMC critical micelle concentration 
DAD diode array detector/detection 
(DM)PK (drug metabolism)pharmacokinetic 
DMSO dimethyl sulfoxide 
DoE design of experiments 
ECD electrochemical detector 
ELSD evaporative light-scattering detector 
EMEA European Medicines Agency 
FaSSIF(-V2) Fasted State Simulated Intestinal Fluid (2nd version) 
FeSSIF(-V2) Fed State Simulated Intestinal Fluid (2nd version) 
FDA U.S. Food and Drug Administration 
FTIR Fourier transform infrared spectroscopy 
GCP good clinical practice 
GI gastrointestinal 
GLP good laboratory practice 
GMP good manufacturing practice  
HIF human intestinal fluid 
HPLC high-performance liquid chromatography 
HTS high-throughput screening 
IR (drug) immediate release (drug) 
IVIVC in vitro-in vivo correlation 
MAD mutual acceptance of data 
MS mass spectrometry 
MS/MS tandem mass spectrometry 
MPA  Medical Products Agency 
NaTC sodium taurocholate 
NCE new chemical entity 
NIR near infrared spectroscopy 



 

NMR nuclear magnetic resonance 
OECD Organisation for Economic Co-operation and Development 
OPLS orthogonal partial least squares 
PCA principal component analysis 
PD pharmacodynamic 
PLS partial least squares 
PMDA Pharmaceuticals and Medical Devices Agency 
QbD quality by design 
QSAR quantitative structure-activity relationship 
QSPR quantitative structure-property relationship 
RI refractive index detector 
RP reversed phase 
RSD relative standard deviations 
TFA trifluoroacetic acid 
SGF Simulated Gastric Fluid 
UPLC ultra-performance liquid chromatography 
USP the United States Pharmacopeia 
UV ultraviolet 
VIS  visible 
XRPD X-ray powder diffraction 
  
  
  
  



 

Symbols and Units  

A area of disk [cm2] 
β buffer capacity [M] 
C concentration [μM] 
D diffusion coefficient [cm2s-1] 
G in vitro dissolution rate [μg/s/cm2] 
G∞ intrinsic dissolution rate [μg/s/cm2] 
h thickness of stagnant layer [length unit] 
I ionic strength [M] 
k retention factor 
KD or P partition ratio 
ksp (stoichiometric) solubility product [M] 
λmax absorption maximum [AU] 
Mw molecular weight [g/mol] 
φdisk diameter of disk [mm] 
pKa (stoichiometric) acidity constant 
R2 coefficient of determination 
S (stoichiometric) apparent solubility [mM] 
S0 (stoichiometric) intrinsic solubility [mM] 
V volume [ml] 
•
V  volume flow rate [ml/min]  
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Introduction 

Early screening of the physicochemical properties and pharmacokinetic (PK) 
parameters such as absorption, distribution, metabolism, excretion (ADME) 
of new chemical entities (NCEs) in drug discovery and development has 
increased during the recent years due to new experimental technologies and 
strategies1-3. Oral administration is the most convenient dosage route and is 
generally preferred4,5. Molecular characteristics, dosage form design and the 
barrier functions related to the compound’s stability, absorption, transport 
and transit time in the organism all affect the final bioavailability (BA)a of a 
drug after oral administration7. The molecular characteristics are i.a. de-
scribed by the dissolution rate, solubility and permeability8. These physico-
chemical factors are used in the Biopharmaceutical Classification System 
(BCS), which classifies drug compounds into four different groups9. BCS 
was invented on a theoretical basis to facilitate the correlation of in vitro and 
in vivo (IVIVC) data during drug development10 since compounds in the 
same class tend to behave in similar manner with regard to absorption11,12.  

 
Analytical chemistry has found interesting applications and is of great im-
portance in both drug discovery and development to produce and evaluate 
experimentally obtained data13. Recent advances in e.g. automations, robotic 
techniques, parallel separations, miniaturization techniques, detection sys-
tems and chemometric tools can facilitate the high-throughput screening 
(HTS) assays in the selection of drug candidates14.  

 
This thesis focuses on the experimental and analytical evaluation of a novel 
miniaturized rotating disk equipment for the screening/measurement of the 
in vitro dissolution rate (G) for commercial drug substances from all of the 
classes in the BCS. Different aqueous media have been used during the stud-
ies and the apparent solubility (S) of the compounds has also been deter-
mined in these media. Correlation studies of the two physicochemical prop-
erties have been made using the logarithmic values of G and S. Chemometric 
analyses were used to observe the most influential factors of G and S for a 
poorly soluble weak base (terfenadine) in i.a. the updated version of the 

                               
a Bioavailability is defined by the U.S. Food and Drug Administration (FDA) as “the rate and extent to 
which the active ingredient or moiety is absorbed from a drug product and become available at the site of 
action.”6. 
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Fasted State Simulated Intestinal Fluid (FaSSIF-V2)15. All quantifications 
were made by connecting the miniaturized dissolution cell to reversed phase 
high-performance liquid chromatography (RP-HPLC) using diode array 
detection (DAD).  

 
My personal reflections of the world of research could be described as by the 
French philosopher Denis Diderot. I am pleased to have had the opportunity 
of trying to combine the three means stated in his quote:  

“Our observation of nature must be diligent, our reflection profound, and 
our experiments exact. We rarely see these three means combined; and for 
this reason, creative geniuses are not common.”  

 
Pleasant reading! 
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Drug Development Process 

The drug development process is complicated, time-consuming and costly. 
Generally the pharmaceutical research starts with a focus on a particular 
mechanism of action of a disease. Then, scientists try to find the therapeutic 
target that may protect against that disease. This is followed by drug design 
and optimization of the potential drug substance, called hit or lead (which is 
the best of the potential hits16,17), that can dock into the target and generate a 
therapeutic response. Figure 1 is briefly describing the different phases in the 
process and further expounds on these stages are given in the text below. It is 
important to stress that the stages could be integrated into each other during 
the drug development process, as for example in a parallel model. 

 

 
Figure 1. The serial drug development process from discovery to market launch of a 
new drug. 

The genome and proteome science, combined with bioinformatic tools, has 
generated valuable information into the drug discovery and increased the 
number of treatment options18. Target identification is the association of 
desirable properties of a drug substance with a known or predicted target 
(e.g. G-protein coupled receptors), while target validation is the relationship 
of the target with the biological function relevant to the disease of interest19.  

Many different drug compounds, from 100 to 100 000,20 are tested for bio-
logical activity in high-throughput screening (HTS) in so called hit-to-lead 
processes21. These substances can originate from: classic medicinal chemistry 
(i.a. molecular modifications of existing bioactive compounds)22, combinato-
rial chemistry (rapid synthesis of large collections of compounds called li-
braries)23, multiple parallel synthesis (the content in this library is more fo-
cused and less diverse than those constructed with combinatorial chemis-
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try)24, natural products (originating from terrestrial plants, terrestrial microor-
ganisms, marine organisms and terrestrial vertebrates and invertebrates)25 and 
in silico (computer based) compound selection26. A hit-to-lead process starts 
by identifying hits in HTS, i.e. drug substances that generates a positive re-
sponse in the assays used16. These hits (or analogues) are further reviewed by 
for example computer-aided drug design tools, including QSAR (quantitative 
structure-activity relationship) and QSPR (quantitative structure-property 
relationship), which are used to find consistent relationship between biologi-
cal activity and molecular properties27. Drug metabolism and pharmacokinet-
ics (DMPKs)b is advantageous introduced early into in the process28 by in 
silico methodologies that uses physicochemical descriptors such as: molecu-
lar weight (Mw), solubility, lipophilicity/partition ratio (log P or alternatively 
log KD), acidity constant (pKa) and hydrogen bonding. The improved lead 
compounds, approximately 10 in number20, are further optimized by e.g. ra-
tional drug design (structure-based information used in silico)29 to create can-
didate drugs (CDs). The number of drug substances has now been reduced to 
one or two20.   

Before the clinical trials can begin in humans, important efficacy pharma-
cology and safety data (e.g. carcinogenic, mutagenic, teratogenic) of the 
drug compounds are collected in pre-clinical studies by i.a. animal testing, 
where the three major aim are in vivo pharmacodynamics (PDs)b, PKs (i.e. 
ADME) and general toxicity investigations30. The primary route of admini-
stration is oral and important physicochemical properties for bioavailability 
(BA) are solubility/dissolution rate and permeability1. Good laboratory 
practice (GLP)c is fully integrated into the drug development process. The 
CDs that emerge from the drug discovery process with promising activity 
against a therapeutic target important for the disease of interest, as well as 
acceptable efficacy pharmacology and initial toxicology profile, are applied 
for and used in the subsequent clinical trials and might become the new 
chemical entities (NCEs)32.   

In the clinical development stage GLP, good manufacturing practice 
(GMP)d and good clinical practice (GCP)e are used. A clinical trial is a re-
search study in human volunteers35. The trials are carefully conducted accord-

                               
b Pharmacokinetic (PK); what the body (organism) does to the drug. Pharmacodynamic (PD); what the 
drug does to the body (organism). 
c “The primary objective of the OECD Principles of Good Laboratory Practice (GLP) is to ensure the 
generation of high quality and reliable test data related to the safety of industrial chemical substances and 
preparations in the framework of harmonising testing procedures for the Mutual Acceptance of Data 
(MAD).”31.  
d “Manufacturers must establish and follow quality systems to help ensure that their products consistently 
meet applicable requirements and specifications.”33.  
e Defined by European Medicines Agency (EMEA) as “A standard for the design, conduct, performance, 
monitoring, auditing, recording, analyses, and reporting of clinical trials that provides assurance that the 
data and reported results are credible and accurate, and that the rights, integrity, and confidentiality of 
trial subjects are protected.”34.  
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ing to settled protocols and are divided into several phases. The first admini-
stration of drugs in human beings can cause problems if drug metabolism 
pathways and pharmacokinetics might differ substantially from those pre-
dicted earlier in different assays or models. A new experimental approach has 
therefore been developed, known as human Phase 0 or microdosing studies, 
in which trace doses of the new drug candidate are administered to humans 
parallel to the studies in the drug discovery process36. The traditional first step 
in the in the clinical trial is otherwise named Phase I, and the primary objec-
tives are here to determine the metabolic and pharmacological actions and the 
maximally tolerated dose37. Usually 10-80 healthy volunteers are included in 
the trial. The substances that have adequate ADMET properties to survive till 
the end of Phase I clinical trials are defined as “drug-likef”39 and would be put 
into Phase II. Evaluation of effectiveness, determination of the short-term 
side effects and identification of common risks for a specific population and 
disease are now established37. At this instant, 100-300 individuals with target 
disease are involved, sometimes mixed with healthy volunteers and patients. 
Phase III is conducted with hundreds to thousands patients to obtain addi-
tional information about the effectiveness on clinical outcomes and to evalu-
ate the overall risk-benefit ratio in a demographically diverse sample37. The 
clinical trials in the drug development process are afterwards ongoing with 
Phase IV. Here, continuous safety observations and technical support of a 
drug and it’s active pharmaceutical ingredient (API) are made after it receives 
permission to be sold in large populations (i.e. pharmacovigilance)37.  

The scientists working in the field of formulations meet challenges since 
nearly 40% of all discovered drug compounds have delivery limitations due 
to poor solubility, permeability and/or metabolic stability30,40. The formula-
tion work is therefore integrated early into the drug development process 
(lead discovery and pre-clinical stages), as well as in the final product devel-
opment. Ideally, an eventual salt formulation of a drug compound should be 
chosen at the start of Phase I clinical trials, since roughly 50% of all drugs 
used in medicinal therapy are administered as salts41. In addition, if a drug 
compound has a diversity of solid-state forms (polymorphism) a decision 
must be made regarding which crystal form that should be chosen for further 
development during pre-clinical and clinical studies42.  

Every stage in the drug development process generates information on drug 
actions that are gathered for product registration. When a product is considered 
safe and effective from Phase III clinical trials, it must be authorised in each 
individual countryg before it can be marketed and launched.  

                               
f Defined as by Lipinski et al. Mw<500 Da, log KD(o/w)<5, <10 hydrogen bond acceptors and <5 hydrogen 
bond donors.38.  
g E.g. FDA in USA and EMEA in Europe (MPA for the Swedish market).  
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Biopharmaceutical Properties of Drug 
Compounds  

The oral absorption of a drug’s active pharmaceutical ingredient (API), i.e. 
the drug compound that generates a therapeutic response, is a multifaceted 
process with many steps in a complex and changing environment along the 
gastrointestinal (GI) tract, Figure 2.  

 

 
 

Figure 2. Bioavailability (BA) process in the gastrointestinal (GI) tract after oral 
drug administration43,44. API, active pharmaceutical ingredient. 

Obviously, the impact of fluid volume, pH gradient, presence of surfactants, 
motility pattern, regional differences in intestinal permeability and first pass 
metabolism in the gut wall and/or liver, as well as secretion and transit times 
are all factors to be considered in comparison of in vitro with in vivo 
data45,46. The main issues in any drug development process is to define the 
rate limiting factors in the absorption process45. Different solubility classifi-
cation systems are however used at different stages in the drug research, 
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hence the systems used in drug discovery are divergent from those used in 
drug development12. Knowledge of the BCS early in the drug development 
process might therefore enable better CDs in the initial clinical studies. 

Biopharmaceutical Classification System (BCS) 
The Biopharmaceutical Classification System (BCS), Table 1, is widely used 
at the drug development stage and was developed to generate a tool for in 
vitro-in vivo correlations (IVIVCs) of drug compounds and products45. It is 
derived from the important biopharmaceutical factors that affect the rate and 
extent of oral drug absorption in the GI tract. These factors are identified as 
the solubility/dissolution rate and the intestinal permeability9. High solubility 
is defined in BCS as if a drug substance’s highest formulation strength can 
be dissolved into, at most, 250 ml of aqueous media over a physiological pH 
range from 1 to 7.5 (at 37°C)47,48. High permeability is defined as if at least 
90% of a drug permeates through the intestinal membrane47. Permeability 
will however not be further discussed in this dissertation work. 

 

Table 1. The Biopharmaceutical Classification System (BCS)49. 

Class 
 

Solubility Permeability Probability for 
IVIVC 

I High High Low 
II Low High High 
III High Low Low 
IV Low Low Problematic  

compound 
  
 
IVIVCs are mostly assumed for class II compounds (Papers I-IV), since in 
this case the dissolution rate is the primary limiting factor in the absorption 
process49. Class I substances (Papers I-III) can also generate good correla-
tion if these drug compounds are formulated as extended release products46. 
Class IV (Papers I-IV) too has dissolution rate limitations, but in addition 
low permeability (as class III, Papers I & II) which makes it difficult to 
make in vitro assays that mimic the in vivo situation. 

Dissolution Rate 
Dissolution rate can be defined as the speed at which a drug substance dis-
solves from a solid structure into a solvent12. The total dissolution process 
can be considered to be governed by two routes, the tendency to dissolve 
from the drug surface and the tendency of dissolved drug substance to re-
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enter the solid phase50. A CD with sufficient membrane permeability gener-
ally displays the drug dissolution as a rate-limiting step in the absorption 
process. If no complicated reactions are present in the dissolution it can be 
described by the processes of molecules or ions leaving the solid phase and 
entering the solution adjacent to the surface, where shear forces usually are 
low and a stagnant layer is accumulated. This boundary layer can be relative 
viscous and is concentrated by the dissolved drug substance51. If the dis-
solved drug substance is protolytic, a microenvironmental pH will be estab-
lished at the compound surface that often differs from the pH of the bulk 
medium. Diffusion of molecules or ions through the layer’s concentration 
gradient is subsequently necessary to reach the bulk of the liquid medium. 
The so called intrinsic factors in the dissolution rate measurements are thus 
coupled to the drug solid state (Paper I), e.g. crystallinity, amorphism, 
polymorphism, hydration, solvation etc.52. The dissolution rate, and the con-
sequent BA, could be improved by e.g. reducing the particle size (of crystal-
line drug), or developing a formulation of the drug in solution (as an amor-
phous system or lipid formulation) or a salt formulation48,53,54. 

Considerations of the modified Noyes-Whitney equation55-58 (Equation 1) 
as a dissolution model reveals that the drug compound’s diffusion coefficient 
(D) and the dissolved drug substance in the medium of interest at time t (S), 
the saturation solubility of the substance in the same solvent (S0), surface 
area of the solid drug substance available for dissolution (A) and the hydro-
dynamics generating the thickness of the stagnant layer adjacent to the dis-
solving drug surface (h) all play a role in the determination of the dissolution 
rate (G) and consequently the in vivo drug absorption46. The choice of tem-
perature, medium pH and other medium-related variables such as the choice 
of buffer, volume (V), selection of appropriate dissolution apparatus, rota-
tion speed, all set with suitable acceptance criteria, are of importance48,59. 
These factors are named extrinsic and noticeably pertain to the properties of 
the experimental setup52.  
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A constant (k) can be introduced into the equation by the use of predeter-

mined rotation speed, fixed volume of the medium of interest, sink condition 
(S << S0) and constant temperature. Equation 1 can as a result be described 
as Equation 2.  

 
0SkG ⋅=     [Equation 2] 

 
Hence, the logarithmic value of the dissolution rate should be related to the 
logarithmic value of the solubility50,60-63 (Papers II & III). 
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Drug dissolution determinations, particular for class II and IV drug com-
pounds (Table 1), is a future topic in the solubility assays since both are im-
portant parameters for the bioavailabilty64.  

Solubility 
Solubility may in a simplified manner be expressed as the amount of a com-
pound that dissolves in a specific solvent volume at a invariable temperature 
and pressure until an equilibrium is reached64,65. The solubility depends on 
the crystal lattice energy of the solid itself and the energy needed to create 
space in the solvent for the solute, i.e. the enthalpy and the entropy of the 
system2. Intrinsic solubility (S0) is referred to the solubility of neutral or 
unionized form of the drug compound54,66, otherwise the definition apparent 
solubility (S) should be used64. During this dissertation work assumptions 
were made, based on stability studies and the optimization of shake-time in 
the used shake-flask method, that equilibrium was reached in the solubility 
measurements after the defined time, meaning that S0 = S (Papers II-IV). 

Poorly soluble drug compounds have generally better solubility in vivo 
due to the presence of bile salts and/or lecithin in the GI fluids48. The solu-
bility can be improved by using solubilizing agents, e.g. cyclodextrins, or by 
making a prodrug or a salt formation of the drug substance48,54,67. Buffer 
capacity, ionic strength and pH are important in vitro and in vivo factors in 
the solubility measurements46. Above this, the same intrinsic and extrinsic 
factors as the one mentioned for dissolution rate measurements are valid.  

To calculate the stoichiometric apparent solubility, S, of a drug substance 
at any pHh from the stoichiometric intrinsic solubility, S0, and the 
stoichiometric pKa one could use the Henderson-Hasselbalch equation, but 
deviations may occur64,66. If rearrangements of the total concentration and 
the Hendersson-Hasselbalch expressions are done for a monoprotic weak 
base respective acid, equations as Equation 3 and 4 are given68,69. 
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h The prefix “p” represents the operator “-log” meaning: pH = -log [H+]. 
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Analytical Methods in the Drug Development 
Process; with Application to the BCS 

In the first chapter a summary of the different stages during the drug devel-
opment process was presented (Figure 1). During this complex process many 
different analytical methods, technologies and tools could be used. Clearly, 
the analytical science is of great importance during drug discovery and de-
velopment13.   

As a comment to the different screening phases in the drug development 
process (Figure 1) it could be mentioned that the sample throughput is di-
vided such as: screening ≥ 1000 samples/day, HTS ≥  10 000 samples/day 
and ultra-HTS ≥ 100 000 samples/day32. Assays must be high-throughput, 
rapid, inexpensive and consume small quantities and volumes70. The major 
challenge in the high-throughput development is maybe however the huge 
amount of data generated that must be handled71.  

Only the methods used for the characterisation of the physicochemical 
properties relevant to the BCS (Table 1) will be discussed in this dissertation 
work, excluding the permeability. This chapter is therefore a brief summari-
zation of some of the analytical techniques that could be used for this pur-
pose. However, the author refers to (review) articles or books that consider 
the topics more thorough if more information is requested. 

Dissolution Rate Measurements 
Dissolution testing is frequently used during the drug product development, 
commercial manufacturing and quality control in a quality-by-design (QbD)i 
matter48. There are different apparatuses for dissolution testing of drug com-
pounds. The most  commonly used dissolution apparatuses for (IR) drug 
products are the USP Apparatus 1 (basket) and the USP Apparatus 2 (pad-
dle)48. Other USP apparatuses are Apparatus 3 (reciprocating cylinder) and 
Apparatus 4 (flow-through cell), which are used earlier in the drug develop-
ment process and not commonly for release testing48. The intrinsic, i.e. pure 
drug substance with defined surface area, dissolution tests is traditionally 
                               
i “QbD means designing and developing formulations and manufacturing processes to ensure a prede-
fined quality and understanding how formulation and manufacturing process variables influence product 
quality.”48.  
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performed with a rotating disk72 holder similar to the one proposed by Wood 
et  al.73 (Papers I & II). The USP Apparatus 4 is however assumed to have 
hydrodynamic flow patterns that mimics those found in vivo better than the 
rotating disk method48. Standard intrinsic dissolution methods consume 100-
500 mg of drug substance in each experiment64. Since the amount of drug 
substance is limited during the drug discovery phase, miniaturized dissolu-
tion testing techniques are highly desired. Miniaturized rotating disk appara-
tuses have therefore been developed74-76 (Paper I). Other methods that have 
been published are mini-scale dissolution tests77 with computer simulation78 
and channel flow methods79,80. It may be beneficial to develop and use dif-
ferent types of dissolution tests in the drug development process, one for 
quality control and another one for in vivo performance and/or screening48. 

The universal analytical separation method with acceptable selectivity and 
sensitivity is high-performance liquid chromatography (HPLC)49 (Papers I-
IV), with transfer to the more efficient ultra-performance liquid chromatog-
raphy (UPLC). UV/VIS spectrophotometric detection techniques are in gen-
eral used in the quantification step in the dissolution methods49. Spectro-
scopic in situ methods with fiber optics can also be used to analyze the liquid 
phase in dissolution testing81,82 and, if desired, in situ solid phase analysis 
can be performed by X-ray powder diffraction (XRPD)83 or Raman spectros-
copy84 (Paper I). Alternative detectors to UV/VIS can be used if the analyte 
contains poor chromophores. Some of these are: evaporative light-scattering 
detector (ELSD), electrochemical detector (ECD), refractive index detector 
(RI) or mass spectrometry (MS)49.  

The new miniaturized rotating disk apparatus for in vitro 
dissolution rate measurements 
The lack of predictive in vitro dissolution testing often contributes to a long 
and costly formulation development process48,49. A dissolution test for drug 
substances with low solubility must be designed with both intrinsic and ex-
trinsic factors in mind. The traditional rotating disk method72 for the appar-
ent in vitro dissolution rate measurements is advantageous because it has a 
constant surface area of the drug compound in contact with the dissolution 
medium during the experimental process52 (Paper I). A rotation speed can 
be set in order to mimic in vivo hydrodynamics, to select the most sensitive 
speed or to set a speed that minimizes the variability in the test method48. 
Sink condition should however be maintained throughout the dissolution 
testing.   

Fast, automated, miniaturized and low-cost analytical methods that simu-
late physiological conditions are required in the screening processes14,85. A 
new miniaturized rotating disk equipment (Paper I) that combines the de-
signs of the traditional rotating disk setup and the USP Apparatus 4 has 
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therefore been developed, Figure 3. It is relatively easy to use and it is also 
uncomplicated to shift media during the experiments if wanted.  

 
 

 
 

Figure 3. The instrumental setup for the in vitro dissolution testing with the new 
miniaturized rotating disk apparatus (Papers I-IV). A. The flow-through dissolution 
cell of Plexiglas, B. The graded magnetic stirrer, C. The external HPLC-pump for 
the delivery of dissolution medium and D. The HPLC-DAD system used for even-
tual separation and final quantifications.                                                                                                  
Close up of the miniaturized dissolution cell placed on a magnetic stirrer (Papers I-
IV). a. The medium inlet from the external HPLC-pump, b. The chamber (approxi-
mately 300 μl) where the rotating magnetic bar/disk should be placed, c. The two 
halves of Plexiglas that constitutes the flow cell, fixed together with two screws and 
d.  The outlet from the dissolution cell into the switch valve and sampling loop of 
the quantifying HPLC-DAD system. 

 
This equipment has a miniaturized eccentric rotating disk, Figure 4, placed 
in a flow-through cell made of two halves of Plexiglas during the in vitro 
dissolution testing. To set a rotation speed a graded magnetic stirrer was 
used. A HPLC-pump is connected to the dissolution cell for the continuous 
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distribution of dissolution medium. A steady statej level is reached a few 
seconds after the dissolution rate studies have started and the area of the disk 
(A) is assumed to be constant during this time76. Thanks to this, the in vitro 
dissolution rate (G) is determined with only one chromatographic response 
(peak area) that is converted to drug substance concentration by the use of an 
external standard curve. The standard curve and sampling peak areas were 
determined by the use of a HPLC-DAD system (Papers I-IV) with a six-
positioned switch valve and loop connected to an analytical column, Figure 
3. The concentration (C) was afterwards used in a general qualitative equa-
tion (Equation 5) for the final calculation of the dissolution rate76 (Paper I). •
V  is the volume flow rate of the dissolution medium through the dissolution 
cell. In the traditional rotating disk methods, where dissolution bath and 
vessels are used, the dissolution rate is determined by linear regression from 
the slope of the early linear part of a dissolution-time curve87. An external 
standard curve is also adopted here to be able to calculate the drug com-
pound concentration plotted on the y-axis. Clearly savings can be done in the 
analysis time by the use of the miniaturised setup63.  

 
 

A
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=     [Equation 5] 
 
 

The dissolution rate mechanism is based on both diffusion and convec-
tion88,89, even though it is often described by diffusion-transport controlled 
film models90-93. In the miniaturized flow cell the hydrodynamics is even 
more complex76. However, the precision (repeatability) has been shown to be 
approximately as good as for the traditional rotating disk apparatus63,76. Ad-
ditionally, the dissolution of a drug compound from a disk in micelle con-
taining media could be divided into the processes of diffusion of free sub-
stance across the stagnant layer and diffusion of drug-loaded micelles 
through the same layer94, but again the convective transfer should also be 
included (Paper IV).  

The new apparatus does not only use low volumes of the medium that are 
chosen in the dissolution rate measurements, but it also consumes minute 
quantities of the drug substance of interest. Compared to the traditional setup 
the pressed disk contains at least twenty times less solid76 (Paper I). A spe-
cial press for the making of the miniaturized disks was consequently devel-
oped for this new apparatus, Figure 4. As in the traditional setup with a 
stainless steel holder, the disk is pressed directly into a gold plated magnetic 
bar that represents the holder for the new equipment, Figure 4.  

 

                               
j Steady state can be defined as that the total concentration across the diffusion layer does not change over 
time.86.  
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Figure 4. I. The pneumatic press cylinder for the new miniaturized rotating disk 
apparatus with the lock device at the top (Papers I-IV), II. The relay (left) with 
pressure control by a manometer (right) for managing the piston/cylinder while 
pressing the disk into the magnetic bar.                                                                                                   
Rotating disk holders. i . The miniaturised gold plated magnetic bar with eccentric 
disk, φdisk = 1.5 mm (Papers I-IV) and ii. The traditional centric holder of stainless 
steel, φdisk = 8.0 mm (Papers I & II).                                                                                                     

Solubility Measurements 
Solubility measurements can be based on kinetic solubilityk methods, such as 
turbidimetry and nephelometry, or spectrophotometric measurements/UV 
plate readers combined with chromatography techniques. Computational 
methods and flow cytometry can also estimate aqueous solubility. The ther-
modynamic solubility measurement can be determined by potentiometric 

                               
k Kinetic solubility measures a precipitation rate rather than an equilibration solubility, which defines the 
thermodynamic solubility.65.  
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methods, shake-flask methodologies (Papers I-IV) combined with liquid 
chromatography-ultraviolet detection (LC-UV) or LC-(tandem) mass spec-
trometry (LC-MS, LC-MS/MS) as well as the currently available ultra-
performance LC (UPLC)2,14,64,70,95-100.  

The method chosen depends on the quantity along with feature of the 
drug substance available and the required quality of the results, as well as 
analysis time. At early stage in the drug development process only a screen-
ing rank-order of solubility is sufficient for the small quantities of the many 
synthesised compounds. The methods here are often using the drug com-
pounds dissolved in dimethyl sulfoxide (DMSO) stock solutions, generating 
kinetic solubility values, but  DMSO may affect the drug substance solubil-
ity itself which is disadvantegous64. As a rule of thumb DMSO concentra-
tions should be ≤ 1% in the test solutions64. The thermodynamic (equilibrium 
or apparent) solubility measurements are normally used in the development 
phase, where crystalline polymorphs are characterized. The shake-flask 
methodology is traditionally regarded as the “standard” for establishing the 
thermodynamic solubility of drug compounds64 (Papers II-IV). In this 
method, a drug substance is normally added manually in excess to a medium 
at chosen pH in a flask or vial that afterwards is capped and shaken for a 
predetermined time at a preferred temperature (within a 2°C range101)71. Af-
ter the defined shake-time, generally after 24-48 hours64, the suspension is 
eventually pH adjusted and centrifuged of filtrated102. The pH should be 
measured in the pure medium from start as well as after the shaking, and the 
compound could be quantified by using HPLC with a suitable detector (Pa-
pers I-IV). It is obviously important that the drug compound and the chosen 
medium are stable during the experimental period (Paper II). The volume of 
dissolution medium in shake-flask methodologies can significantly be re-
duced and in most high-throughput setups (with automated powder dispens-
ing devices) the volume is now 50-300 μl. Lowest volume used is in HT 
assays around 5 μl and highest 1-2 ml64 (Papers I-IV). Shake-flask experi-
ments is however slow, have low throughput and conventionally consumes 
quite large amount of drug substance (up to several hundreds of milligram)70, 
but concurrently solubility methods in at least the development phases 
should preferably be accurate, validated and inexpensive64.  

As in the dissolution rate studies, apparent solubility data have to be re-
lated to the solid state properties of the drug compounds. X-ray powder dif-
fraction (XRPD) and Raman or near infrared spectroscopy (NIR) can all be 
used for this purpose. Raman spectroscopy has the advantage of performing 
solid state characterisation directly in e.g. the shake-flask slurry without any 
sample workup64 (Paper I). Fourier transform infrared spectroscopy (FTIR) 
combined with attenuated total reflection (ATR) could be an option for small 
samples64. Structure investigations could further be done by the use of nu-
clear magnetic resonance (NMR)40,103. 
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High-Performance Liquid Chromatography with Diode 
Array Detection (DAD) 
Chromatographic separations of components from an injected sample mixture 
are based on their different partitioning between a flowing liquid or gaseous 
mobile phase and a stationary phase13. An important improvement in the sam-
ple injection step is the development of the autosampler. High-performance 
liquid chromatography (HPLC) has long been a traditional separation founda-
tion in the pharmaceutical development process104,105. The stationary phase 
could be packed in a column as in e.g. reversed phase HPLC (RP-HPLC), Pa-
pers I-IV. Here the mobile phase is relatively polar and the analytical column 
(where separation takes place) is often packed with small spherical non-polar 
particles106. The particles are normally made of chemically modified silica 
where saturated hydrocarbon chains of 8  (C8) or 18 (C18) carbons in length 
have been attached106. A pre-column or guard column could additionally be 
used to protect the analytical column from impurities in the sample (Paper IV). 
The temperature effects in the HPLC separations are difficult to foresee, but 
many methods include a thermostat control with a column oven107. The mobile 
phase is pumped through the system with the commonly used high-pressure 
reciprocating pumps in isocratic or gradient mode108. For analytical proposes 
HPLC pumps should have flow rates that range from 0 to 10 ml/min. Common 
organic modifiers in the mobile phase are methanol and acetonitrile. The aque-
ous part is often represented by buffers109 based on acetate or phosphate13.  

Different detectors can be attached to the separation system to attain the 
responses needed for quantification. Preferable the detector should have high 
sensitivity, low dead volume, fast response, wide dynamic range, while be-
ing linear, reliable, simple and robust13. A detector that is widely used for 
RP-HPLC methods is the one base on ultraviolet/visible (UV/VIS) absorp-
tion measurements. Hence, the analytes need to have chromophores that can 
absorb photons from the UV/VIS lamps110. A special feature of the variable 
wavelength UV detector is the diode array detector (DAD), Papers I-IV. 
Polychromatic light is here emitted by deuterium or xenon lamps13. The pho-
tosensitive diodes in the detector rapidly collects the entire UV-spectrum is 
needed, as an alternative to a single pre-selected wavelength with maximum 
sensitivity and/or selectivity (λmax)13,111. Quantifications are based on the area 
or height, i.e. the detector response, of the separated analyte peaks (e.g. drug 
substances of interest)112. These areas or heights are compared to the ones 
achieved from internal or external standards (Papers I-IV), which are used 
to establish a standard curve.  

To reduce the analysis time in HPLC methods one could make appropri-
ate column configurations (i.a. short columns (< 100 mm), Papers I-IV, 
small particles (< 2-3 μm) in the stationary phase or the use of monolithic 
columns), utilize parallel separations with two or more analytical columns14 
or select a suitable instrumentation such as fast or ultra-fast LC113. 
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Aqueous Media in Dissolution Testing and 
Solubility Experiments 

The almost infinite choice in solvents that may be used in dissolution rate 
and solubility studies presents an incredibly huge experimental space and the 
optimization of a multi-component medium is extremely challenging and 
time-consuming64. The choice of dissolution medium will depend on the 
purpose of the dissolution test48. When buffers are chosen it should be based 
on the desired pH range, and the buffer concentration in that range should 
generate sufficient buffer capacity, β114 (Papers I-IV). It has been shown 
that the buffer type can have a significant impact on drug substance dissolu-
tion115,116. Phosphate, acetate (Papers I-IV) and maleate (Paper IV) buffer 
components are often used in simulated media instead of the physiological 
buffer bicarbonate to avoid instability in the pH-value originating from the 
buffer itself during dissolution rate and solubility measurements46. Other 
important variables in the medium besides pH and the buffer components 
and other electrolytes, are viscosity and ionic strength78. The ionic strength 
(Papers I-IV), based on the common in vivo ions sodium, chloride and bi-
carbonate, has been determined to be 0.10-0.19 M in the GI tract87. For hu-
man beings the fasted pH gradient in vivo is represented by pH 1-2 (2-5) in 
stomach, upper small intestine 5.5-6.5 (4.5-5.5), lower small intestine 6.5-8 
and colon pH 5.5-8, with fed state values given in parenthesis where differ-
ences in pH is reported in the fasted and fed state87,117. 

It has been established that drug compounds with low aqueous solubility 
can increase the BA with partake of a meal due to the solubilisation and wet-
ting effects by i.a. bile with bile acids (e.g. sodium taurocholate, NaTC), 
phospholipids (e.g. lecithin) and food components85,94. Surfactants in disso-
lution media should therefore preferably be selected so that they simulate the 
ones in the GI fluids (Paper IV). It has however been found that dissolution 
tests might not be able to detect changes in a drug’s polymorphic form or 
particle size if too much surfactants are added into the medium48.  The bile 
acid concentration in the fasted state small intestine is 4-6 mM, while it rises 
to 10-40 mM after intake of a meal87. Surfactant molecules can exist as 
monomers or various colloidal systems, such as micelles. This breach point 
is known as the critical micelle concentration (CMC)118. 

Different media has been developed and used to mimic the composition 
of the GI tract fluids. These are i.a. Simulated Gastric Fluids (SGFs) with 
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surfactants (fasted state/stomach), 3.5% fat longlife milk (fed state/stomach), 
and Simulated Intestinal Fluids such as FaSSIF (fasted state/small intestine) 
and FeSSIF (fed state/small intestine)46,119-122. The Simulated Intestinal Flu-
ids have now revised to second versions, FaSSIF-V2 (Paper IV) and FeS-
SIF-V215.  
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Chemometric Tools 

An approach to reduce e.g. the screening experiments in the drug develop-
ment process could be the systematic use of chemometric tools that applies 
both mathematical and statistical methods to data of interest123. Multivariate 
data analysis has the advantage of seeking interdependence among all vari-
ables124. The tools can include design of experiments (DoE) and the multi-
variate projection methods principal component analysis (PCA) and partial 
least squares (PLS) or orthogonal PLS (OPLS)64 (Paper IV).  

Design of Experiment (DoE) 
Design of experiment (DoE) is the methodology of how to conduct and plan 
experiments in order to extract the maximum amount of information in the 
fewest number of experiments. It can be useful in screening relationships 
between factors affecting a procedure, e.g. an analytical method, and the 
output/response of that procedure, or to find optimal ranges for one or many 
responses49,125. There are different experimental designs depending on 
whether the objective is screening (Paper IV) or optimization, but classical 
screening models are e.g. full factorial and fractional factorial designs126 
(Paper IV). At least one center point is added into the chosen design to de-
tect curvatures125. To eliminate systematical errors the experiments are con-
ducted randomly. The robustness of an analytical method can also be evalu-
ated by using DoE as a part of method validation127,128. 

Principal Component Analysis (PCA) 
In principal component analysis (PCA) data from a number of variables (K) 
are represented in a K dimensional space and the swarm of observation 
points of these variables can be described by a series of new axes129. These 
orthogonal axes are called principal components and the first principal com-
ponent portrays the best line through all points130. Therefore it explains most 
of the variance in the data with reduced noise123. The second perpendicular 
principal component explains the second most variance in the data set etc. A 
projection is thereafter made onto a low-dimensional model, a plane (defined 
by the two principal components)131,132. The objective is to minimize the 
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variables while describing the maximum variation in the data matrix X and 
how much of the variance that could be predicted by the model125. Goals 
with PCA can e.g. be simplification, data reduction, modelling, outlier detec-
tion, variable selection, classification and/or finding trends and relation-
ships125,129 (Paper IV). Two plots can be used in PCA interpretation. These 
are score plot for the visualization of the relations between the objects, e.g. 
different dissolution media, and loading plot where relations between the 
variables, e.g. media components, are shown132,133 (Paper IV). 

Orthogonal Partial Least Squares (OPLS) 
Partial least squares (PLS) and the modification orthogonal PLS (OPLS) are 
a development of PCA since they deal with the relation between both X (ob-
ject or descriptor variables) and Y (response variables) data matri-
ces125,131,132,134. Experimental variables such as pH could describe the factors 
in the X data, while the Y data would be the responses, or observed results, 
of the measures factors124 (Paper IV).  The PLS model is therefore one of 
the main tools for creating a quantitative relationship between the X and Y 
spaces, i.e. multivariate data characterization135. This projection method 
could be used in cases where no good fundamental theory exists or when an 
independent check on models derived from a special theory is wanted131,132. 
OPLS has the advantage of filtering out variation from X data that is not 
correlated to the response Y or in other words, systematic variation in X that 
is perpendicular to Y is removed135. Interpretation of the resulting PLS 
model has fewer PLS components (model dimensionality) with preserved 
prediction ability compared to the regular PLS modelling and is as a result 
easier, whilst generating more relevant results134,135. 
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Aims 

The studies included in this thesis were carried out at the Division of Ana-
lytical Pharmaceutical Chemistry, Department of Medicinal Chemistry, 
Uppsala University and the general focus was made on the evaluation of a 
new miniaturized rotating disk apparatus for the determination of the in vitro 
dissolution rate of drug substances, i.e. APIs.  
 
The specific goals were: 

 
• To develop an analytical separation- and detection method that could be 

integrated with the new miniaturized rotating disk apparatus for the per-
formance characterization of the later in in vitro dissolution rate meas-
urements (Paper I). 

 
• To use drug compounds from all of the classes in the BCS in the evalua-

tion of the new equipment as well as in the comparison to a traditional 
rotating disk methodology (Papers I & II). 

 
• To investigate the influence of altered aqueous media components in the 

in vitro dissolution rate determinations of different drug substances (Pa-
pers I-IV). 

 
• To evaluate the possibility of obtaining a good linear correlation be-

tween the logarithmic values of the in vitro dissolution rate (G) and the 
apparent solubility (S) of diverse drug compounds in different aqueous 
media (Papers II & III). 

 
• To examine the most influential factors for the in vitro dissolution rate 

and the apparent solubility of a model basic drug substance (terfenadine) 
in different aqueous media, i.a. a biorelevant medium, using chemomet-
ric tools (Paper IV). 
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Results and Discussion 

This part is intended to give a brief overview of the obtained results. For 
more detailed results and discussions, see Papers I-IV included in this thesis. 

Paper I 
The first study was focused on the characterization and evaluation of the 
newly designed and constructed miniaturized rotating disk apparatus. The 
dissolution cell was connected to an effective separation- and detection sys-
tem for the online screening of the apparent in vitro dissolution rate (G) of 
six different drug substances from all of the classes in the BCS. Two differ-
ent deaireated aqueous media (phosphate and acetate buffers with a pH of 
approximately 7) were tested in the screening and a traditional USP rotating 
disk equipment was used as a reference system to the new one. The tempera-
ture was always 21.0°C ± 1.5°C during testing. 

 

The rotating disk equipments 
The miniaturized device is based on a low volume dissolution flow cell of 
Plexiglas, a gold plated magnetic bar with an eccentric disk (φdisk 1.5 mm) of 
drug substance pressed directly into the bar with a press specially designed 
for this purpose, Figures 3 and 4. Approximately 5 mg of substance is 
needed for the pressed disk in this new apparatus and a compression force of 
about 182 MPa was applied. The rotation speed during the in vitro dissolu-
tion rate screening was 100 rpm or 1000 rpm, generated by a graded mag-
netic stirrer. The flow of medium through the cell was always 1.0 ml/min. 
This flow rate was pre-optimized at a specific rotation speed to find a critical 
flow rate, where sink condition was assumed to be obtained in the flow cell. 

The reference system was a traditional bath and vessel with a stainless 
steel rotating disk holder where the disk (φdisk 8.0 mm) was centrically posi-
tioned, Figure 4. The compression force was here 195 MPa when making the 
disk of about 100 mg drug substance powder. The rotation speed was set to 
100 rpm throughout testing. 
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During the optimization of the compression forces of the disks a structural 
analysis was performed for one substance (naproxen) using Raman spectros-
copy. No differences in the spectra were found and so the conclusions were 
drawn that set compression force was suitable when doing the dissolution 
rate testing.  

The separation- and detection system 
To be able to estimate the in vitro dissolution rate of the drug compounds 
chosen, a reversed phase high-performance liquid chromatography (RP-
HPLC) system was connected online with the miniaturized dissolution cell 
outlet. For this purpose a six-position switching valve with a 20 μl stainless 
steel loop was assembled into the HPLC system to be able to make injections 
automatically from the dissolution cell of Plexiglas once the screening has 
started, see Figure 5.  

 

 

 
Figure 5. The six-position switching valve with a 20 μl stainless steel loop, E, con-
nected between the dissolution cell outlet, B, and the analytical column, D. The 
mobile phase in the HPLC-DAD system is pumped through A and the waste is lo-
cated at C. Loading of the sample loop is illustrated in I, while injection is exempli-
fied in II. 
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Detection was carried out with a diode array detector (DAD), using the ab-
sorption maximum (λmax) for each drug substance used. The analytical col-
umn was a relative short column (50 mm) with C8-packing material to de-
crease the analysis time. The retention factor (k) was kept between 3 and 8. 
The mobile phase was always a mixture of acetonitrile, Milli-Q® water and 
trifluoroacetic acid (TFA) used in an isocratic mode with a flow of 1 ml/min 
through the system. The instrumental setup can be represented as Figure 6. 

 
 

 
 

Figure 6. The instrumental setup for the screening of the apparent in vitro dissolu-
tion rate with the use of the new miniaturized equipment. 

The injection time from the outlet of the dissolution cell via the loop and the 
switch valve was optimized to be comparable to the 20 μl injected from the 
autosampler in the HPLC system, where the external standards for the stan-
dard curve were injected. The switching valve was opened 0.03 minutes 
during injections from the dissolution cell of Plexiglas to reproduce the 20 μl 
from the autosampler. This was statistically evaluated by regression analysis 
and the use of 95% confidence levels of the slopes from the calibration 
curves obtained by the loop/valve respective the autosampler. The regression 
lines of the standard curves always had a coefficient of determination (R2) of 
0.990 or better when quantifying.  

 

Comparison of the rotating disk apparatuses 
The in vitro dissolution rate was calculated from the initial slope of the dis-
solution curve in the traditional setup (Figure 7), while the rates generated by 
the miniaturized rotating disk apparatus was calculated from a general quali-
tative equation, Equation 5.  



 37

 

 
 
Figure 7. Determination of the in vitro dissolution rate of naproxen in phosphate 
buffer using the traditional rotating disk apparatus. The slope of the regression line 
gives the rate in μM/minute. 

 
The systems can not directly be compared to each other due to the different 
designs and consequently dissimilar hydrodynamics over the disk (con-
firmed by linear regression analysis, α = 0.05), but the traditional equipment 
is a good reference system to the new apparatus which mainly is though of 
as a screening tool early in the drug development process. An extended as-
sessment of the two apparatuses was later done in Paper II. It was found 
though that the miniaturized rotating disk system generated apparent in vitro 
dissolution rates on average 2-3 times higher compared to the traditional 
setup at the same speed of revolution. Moreover, an increase in the rotation 
speed by a factor of ten seemed to give an increase of G of about 2.5 times in 
the new apparatus. The relative standard deviations (RSDs) in percent during 
repeatability studies (precision) were however comparable in the two sys-
tems during the experiments. Intermediate precision during two days with 
one-way ANOVA (n = 3, α = 0.05) was estimated in addition and no statisti-
cal significant effect between days was found for the traditional equipment. 
The miniaturized apparatus though had statistical divergence for some sub-
stances at 100 rpm but not at 1000 rpm, except for ciprofloxacin. 
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Differences in G due to the two aqueous buffer media 
The two buffers used in this study differed in the type of ions present, the 
total concentration, the buffer capacity (β) at the chosen pH and the ionic 
strength. The weak acids were found to be most affected by these differ-
ences, but they were assumed to not influence the pH of the bulk since the 
concentration of the dissolved acids were found to be ≤ 100 times lower than 
the buffer capacity of the dissolution medium.  

A consistent ratio between the two systems were however found for the 
diverse drug substances if the in vitro dissolution rates (G) obtained in the 
phosphate buffer, index P, was divided by the rates achieved in the ammo-
nium acetate buffer, index A, see Table 2. 

 

Table 2. Relative rates of dissolution for six different drug substances in two differ-
ent media, G is the in vitro dissolution rate from testing with RD (rotating disk), P 
stands for phosphate buffer, while A stands for ammonium acetate buffer. 

Traditional 
RD, 100 rpm 

Miniaturized 
RD, 100 rpm 

Miniaturized 
RD, 1000 rpm 

Substance 

G_P/G_A G_P/G_A G_P/G_A 

Average 

Naproxen 11.2 8.2 8.3 9.2 
Ketoprofen 8.7 4.8 6.7 6.7 
Furosemide 10.1 9.0 8.3 9.1 

Carbamazepine 0.73 0.85 0.80 0.79 
Nortriptyline HCl 1.0 1.1 1.1 1.1 

Ciprofloxacin 1.0 0.40 0.11 0.50 

Paper II 
This paper describes the extended study of the two different rotating disk 
systems used in Paper I. A second dissolution cell of Plexiglas was con-
structed and tested in this paper, but it had the same dimensions as the previ-
ous one. The ratios determined as in Table 2 were still consistent with this 
new cell. The in vitro dissolution rates (G) were also correlated to the appar-
ent solubilities (S) in the two media using logarithmic values for the two 
physicochemical variables since these to values are correlated to each other 
according to the modified Noyes-Whitney equation. Seven new drug sub-
stances were added to the six studied in Paper I. The temperature was al-
ways 21.0°C ± 1.5°C during testing. 
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Determination of the in vitro dissolution rate and the apparent 
solubility 
The in vitro dissolution rates were obtained with both the new miniaturized 
rotating disk apparatus and the traditional USP rotating disk equipment used 
in the first study. Four different rotation speeds were tested for both instru-
ments. 300 rpm at a flow of 1 ml/min of dissolution medium was otherwise 
found to give a more constant rotary motion of the miniaturized magnetic 
bar in the flow-through cell and was therefore used in further research work. 

The apparent solubilities of the 13 drug substances were determined by 
shake-flask methodology, where 1.5 ml of medium was used. The slurry 
with excess of drug substance was shaken in room temperature of 21.0°C ± 
1.5°C and pH was always measured before drug compound was added into 
the medium and after the defined shake-time. Centrifugation instead of filtra-
tion was used before injection into the RP-HPLC-DAD system. External 
standards were used to establish the standard curves for quantification. The 
shake-time was optimized and due to this a stability study was done in room 
temperature, refrigerator (+4°C) and freezer (-20°C). The stabilities were 
found to be good during the optimized shake-time, determined to 24 hours.  

The correlation of log G with log S 
The logarithmic values of G and S were correlated with each other from the 
modified Noyes-Whitney equation. It was found that despite the different 
numerical values of the in vitro dissolution rate obtained with the two appa-
ratuses, the same patterns were found in the correlation. The results from the 
phosphate system are shown in Figure 8. 
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Figure 8. The logarithmic correlation of the in vitro dissolution rate (log G) with the 
apparent solubility (log S) in the aqueous phosphate medium. A. The traditional 
rotating disk equipment (25-150 rpm) and B. The new miniaturized rotating disk 
apparatus (100-1000 rpm). 

 
The correlation is considered to be done at the pH of the slurry with excess 
of drug substance shaken at 24 hours, which is assumed to be the same as the 
pH in the stagnant diffusion layer adjacent to the disks. 

The bases formulated as hydrochloride salts were found to be deviating 
from a more linear correlation of the 13 drug compounds, and nortriptyline 
HCl can as an example be seen differing from the other points in Figure 8.   

Benefits with the new apparatus 
The advantages with the new miniaturized rotating disk apparatus compared 
to the traditional one can be summarized as in Table 3.  

 

Table 3. Comparison of the new miniaturized rotating disk apparatus to the tradi-
tional USP equipment. 

Rotating disk 
apparatus 

Analysis time for 3 
disks at 4 rotation 
speeds in 2 buffers 

for 1 drug sub-
stance  

Amount of drug 
substance per disk 

Consumed volume 
of medium per 

disk 

Miniaturized 2 days 5 mg 20-35 ml 
Traditional 8 days 100 mg 500 ml 
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Since given data from the miniaturized apparatus was found to be consistent 
with the traditional setup, with a precision (repeatability) approximately as 
good as the later, and that the logarithmic correlation of G with S gave the 
same patterns despite chosen technique only the miniaturized rotating disk 
was used for further studies in this dissertation work. Clearly saving can be 
done in analysis time, amount of drug substance as well as dissolution me-
dium as shown in Table 3.  

Paper III 
In the third paper further univariate investigations of the correlation of the in 
vitro dissolution rate (G) with apparent solubility (S) were made using dif-
ferent inorganic additives to the phosphate buffer system used in Paper I 
and II. At least seven diverse drug compounds were tested. Triethanolam-
monium acetate medium was also included since acetate traditionally has 
been used in the Fed State Simulated Intestinal Fluid (FeSSIF), while Fasted 
State Simulated Intestinal Fluid (FaSSIF) has been based on phosphate 
buffer. It would be of interest to find a medium where good correlation of 
numerous drug substances is achieved, since this could be a possibility to 
estimate the (apparent) solubility from the in vitro dissolution rate values. 
The temperature was always 21.0°C ± 1.5°C during testing. 

Results of the apparent solubilities for the drug substances 
The apparent solubility for the acidic drug substances tested followed the 
same solubility pattern in all of the media, but if the medium of interest had 
a low buffer capacity (β) the solubility values were lowered for the acids due 
to a noteworthy decrease in pH. The aprotic substances were not signifi-
cantly influenced by the alternation in the media composition. The am-
pholyte, formulated as a maleate salt, was very soluble in the acetate based 
medium (more than 271 mM) and this value was therefore not determined.  
Otherwise the solubility of this substance was mainly dependent on β, as 
discussed for the acids above. The basic amines formulated as hydrochloride 
salts were dependent on the type of anion added into the buffer medium. 
However, the common ion effect of chlorides was not noticed at the chosen 
pH of 7. Instead the phosphate ions H2PO4

- and/or HPO4
2- generally seemed 

to lower the solubility for these compounds, and for that reason assumptions 
were made that the solubility product (Ksp) was lower with phosphate 
counter ions compared to the chloride ion. Furthermore, the Ksp for nitrate 
was assumed be lower than for the chloride counter ion in an additional 
study. The diprotic counter ion sulphate had different impact on the solubili-
ties of the amines, but this may partly be explained by the fact that the solu-
bility equilibrium was found to be slow for at least one of the amines. Dif-
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ferences in Ksp between phosphate and acetate counter ions were also as-
sumed in this solubility study. 

Results of the in vitro dissolution rate measurements 
The conclusions drawn in the solubility study could generally be applied in 
the dissolution rate study as well. Assumptions was therefore made that the 
microenvironmental pH in the stagnant layer adjacent to the compressed disk 
was comparable to the pH in the saturated slurries that were shaken for 24 
hours in the solubility measurements. An important deviation was however 
found for the amine formulated as hydrochloride salt since a common ion 
effect probably was observed when chloride was present in the dissolution 
medium. The two drug compounds that were formulated as salts had the 
highest dissolution rate as expected, and as in the solubility measurements 
the dissolution rate of the ampholyte was difficult to determine in the 
triethanolammonium acetate buffer.  

Correlation results 
The logarithmic values of G and S obtained in the different media were cor-
related to each other as in Paper II. According to the discussions above 
about the different impacts of medium components in combination with the 
diverse drug substances the correlations of log G with log S varied. The line-
arity was here estimated by the use of R2 of the regression lines in the plots 
and it span between 0.827 and 0.991.  Best results were obtained for the 
triethanolammonium acetate buffer (R2 = 0.991) followed by the diluted 
phosphate buffer with the addition of sodium chloride (R2 = 0.952), see Fig-
ure 9. The later buffer system has often been used in IVIVC, but both media 
may have a sufficient correlation for an initial screening of the solubility of 
drug substances from the in vitro dissolution rate values.  
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Figure 9. The best correlations of log G with log S for six to seven drug substances. 
A. The best fit of the regression line (determined by the coefficient of determination, 
R2) was obtained in the triethanolammonium acetate buffer (TeAmAc), but a general 
buffer used in some biorelevant media is otherwise based on B. the phosphate 
buffer, here with the addition of sodium chloride, (Dil_PB+Cl) which had the sec-
ond best correlation. 

When studying all the media tested so far (Papers I-III) it could be noticed 
that amines formulated as hydrochloride salts might deviate from the corre-
lation of log G with log S and this complicates the choice of a general me-
dium for the estimation of S from G.  A multivariate study where the most 
influential factor for G and S could be determined for model weak basic drug 
substances in different media could for this reason be of interest (Paper IV).   
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Paper IV 
The final study included in this thesis was based on the multivariate study of 
a model weak basic drug substance (terfenadine), where the most influential 
factors of the in vitro dissolution rate (G) and the apparent solubility (S) in 
three different media were studied due to the obtained differences in the 
correlations of log G with log S in Paper III. The model drug compound 
was from class II in BCS since this class is assumed to give best IVIVCs. 
Media was chosen in accordance to reported simulated biorelevant media, 
i.e. traditional and new FaSSIF and FeSSIF compositions. The temperatures 
during the experiments were 22.0°C ± 1.8°C for acetate and phosphate 
buffer testing and 22.0°C ± 1.0°C for the study in FaSSIF-V2 where a more 
temperature controlled room was used. 

Experiments and chemometric analyses 
The usefulness of the new miniaturized rotating disk apparatus combined 
with experimental design and multivariate data analysis was evaluated in the 
study of influential factors for G in the different media. Apparent solubility 
was also included and the buffers used were based on the acetate, phosphate 
and maleate systems. Maleate is now used in the updated version of FaSSIF 
(FaSSIF-V2). Six variables, i.a. pH, concentration of media components and 
ionic strength, were studied at most and by the use of experimental design 
(DoE) the number of necessary experiments was reduced to at maximum 16 
using a screening model. Randomization of experimental runs was done by 
the chemometric software. Principal component analysis (PCA) was thereaf-
ter performed to get an overview of the variables in the data set and the final 
evaluation of significant factors was made with orthogonal partial least 
squares (OPLS) using a 95% confidence interval. It was found that the most 
influential factor for both G and S in all media was pH, apart from ionic 
strength (I) and added sodium chloride in the acetate buffer. No significant 
influence of the surfactants sodium taurocholate and lecithin could be ob-
served, even though these may influence both G and S due to the so called 
wetting effect or micellar capsulation.    

The new miniaturized rotating disk equipment was found to be suitable in 
conjunction with the multivariate data analyses and apparently not only as a 
screening tool in early drug development process. It could preferably be used 
in experiments with the use of biorelevant media since the separation step in 
the HPLC system simplifies the detection of the drug substance of interest 
and that only small volume of medium is needed during dissolution testing 
(see Table 3).  
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Summary and Conclusions 

Paper I describes the characterization and evaluation of the new miniatur-
ized rotating disk apparatus. The dissolution cell was here connected online 
with a high-performance liquid chromatography (HPLC) system using diode 
array detection (DAD). Two different media and six diverse drug substances 
from all of the classes in BCS were used in the in vitro dissolution testing 
and a traditional USP rotating disk equipment was used as a reference sys-
tem. A general qualitative equation was derived for the new instrument for 
the calculation of G. The two apparatuses had approximately the same preci-
sion, but at the same rotation speed the new device gave 2-3 times higher 
dissolution rates. This is probably due to the eccentric design of the disk 
location and the flow of solvent over the disk surface in combination with 
rotation. The new design is a promising prototype for early screening of the 
in vitro dissolution rate in drug discovery. 

 
In Paper II additional comparison of the two rotating disk apparatuses from 
the first study was made with the same media and substances. The benefits 
with the new device were tabelized. Stability studies were performed before 
apparent solubility testing was done with shake-flask methodology. Correla-
tions of the logarithmic values of G at different rotation speeds and S were 
done since these physicochemical properties are proportional to each other 
according to the modified Noyes-Whitney equation. The same correlation 
patterns were found for the two apparatuses and therefore only the miniatur-
ized equipment was used for further studies. Additional drug compounds 
were used in the correlation study and 300 rpm at a flow of medium of 
1ml/min trough the dissolution cell was found to give a better precision than 
100 rpm. Only weak bases formulated as hydrochloride salts were deviating 
from a good correlation. Further studies for the correlation of log G with log 
S in diverse media was obviously needed in the attempt to find a suitable 
medium where the (apparent) solubilities could be estimated from the in 
vitro dissolution rate values. 

 
An extended correlation study of different drug compounds in diverse media 
was so described in Paper III. At least seven substances were correlated in 
five different media using the new apparatus for the dissolution testing. 
Good correlations were found and one of the best included phosphate buffer 
with the addition of chloride ions, despite the possibility of common ion 
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effect for weak bases formulated as hydrochloride salt. It was found that 
phosphate and nitrate ions seemed to affect the physiochemical properties S 
and G more than the chloride ions. Important variables in the media in com-
bination with different drug substances seems to be pH, buffer system com-
ponents and buffer capacity, but this is not simple to investigate with uni-
variate data analysis.  

 
The work in Paper IV is therefore utilizing chemometric tools to evaluate 
which factor that influences the in vitro dissolution rate and apparent solubil-
ity most in three different media for a model weak basic drug compound. To 
conduct the experiments with the fewest possibly number of experimental 
runs without loosing any information, experimental design (DoE) was used 
in a screening model. The experiments were randomized and a 95% confi-
dence interval was used in the final evaluation made with orthogonal partial 
least squares (OPLS). It was found that the surfactants used in this study, 
sodium taurocholate and lecithin were insignificant and that pH was the most 
influential factors in all media. In the acetate buffer ionic strength and added 
sodium chloride was influencing G and S in addition to pH. It is however 
important to stress that these results only may be weigh against structural or 
functional analogs or certain homologues to the model drug substance.  

 
The last study did show that the miniaturized rotating disk apparatus might 
be used for more than just early screening of in vitro dissolution rates in drug 
discovery, but problems may occur if the drug substances have very high 
dissolution rates or if very viscous media are used. Significant reductions in 
the consumption of both solid drug compounds and volume of dissolution 
media (approx. 20 times lower) are great advantages with the new equip-
ment, as well as that both rotation speed and change of media can be done 
during dissolution testing. The online connection from the dissolution cell 
into a HPLC system is another benefit since this enables separation of the 
analyte from undesirable media components before detection and that differ-
ent detectors can be attached to the system. Many more studies must be 
made in the search for a “universal” medium, where the (apparent) solubility 
might be estimated from the in vitro dissolution rate. These studies are ad-
vantageous done in multivariate models.  



 47

Future Perspectives 

The new miniaturized rotating disk apparatus has shown to be a promising 
prototype for the in vitro dissolution rate measurements during the drug de-
velopment process. Yet, further developments of the instrument have to be 
done.  

It would be desirable to improve the press so that less drug powder is lost 
in the drug substance loading into the piston housing before pressing the disk 
into the magnetic bar.  

It would also be advantageous to be able to have the dissolution cell 
thermostated during the dissolution testing. 

Characterization of the hydrodynamic pattern in the dissolution flow-
through cell with the rotating bar and disk must be done to be able to derive 
a refined and detailed in vitro dissolution rate equation for the new appara-
tus.  

An eventual decrease in the cell dimensions could perhaps be done in ad-
dition to lower the medium volume even more during dissolution testing. 

 
Besides a development of the miniaturized rotating disk equipment, further 
advances can also be made in the separation- and detection system. To re-
duce the analysis time one could use a shorter analytical column (< 50 mm 
as used in this dissertation work) with low internal diameter and a column 
packed with small particles (< 2-3 μm) or maybe a monolithic column. Ex-
tended temperatures of the column thermostat could also decrease the time 
of analysis. 

It is also important to keep the delay and dead volumes in the system as 
low as possible and to use a high-speed system such as ultra-performance 
liquid chromatography (UPLC). High-speed autosamplers are of course pre-
requisite. Instead of the isocratic mode of the chromatographic system, fast 
gradients may increase the sample throughput as well. 

To increase the selectivity and/or sensitivity different mass spectrometers 
could be used for detection and this could also generate an identification tool 
for the chromatographic peaks.  

All these improvements of the separation- and detection system do not 
only reduce the analysis time. It will also decrease the consumption of disso-
lution medium and enable additional chromatographic data to be collected 
during dissolution testing with the miniaturized disk of drug substance. 
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Other projects that could be of interest linked to this dissertation work are:   
 
• The possibility to do a PCA score plot with for example the in vitro dis-

solution rate and apparent solubility values for one or more APIs in all 
intestinal fluids such as the traditional simulated fluids FaSSIF, FeS-
SIF119,122 and the newly developed FaSSIF-V2 and FeSSIF-V215 as well 
as real human intestinal fluid (HIF). This plot makes it possible to dis-
tinguish similarities and/or differences between the different media if 
clusters (groupings) are formed in the four quadrants. The PCA loading 
plot can furthermore show which variables that are influential in the dif-
ferent media and how these variables are correlated, since variables con-
tributing similar information are grouped together.  

 
• The performance of a pH gradient screening of the in vitro dissolution 

rate for different drug substances. Here different buffers are used as dis-
solution media where pH is altered from approximately 1 to 8 since this 
is the gastrointestinal pH gradient in vivo for human beings87,117. Pref-
erably this is done with an online UPLC system where the analysis time 
could be reduced. Hence, the miniaturized disk of drug compound will 
be sufficient throughout the screening where the media will be changed 
during one and the same dissolution testing. 

 
• The opportunity to investigate the intrinsic dissolution rate value, G∞, 

due to the simple change of rotation speed in the miniaturized rotating 
disk apparatus during the dissolution testing. With this type of study one 
could minimize the dependence of the diffusion in the in vitro dissolu-
tion rate value of a drug compound, since an extrapolation procedure can 
be made to reach infinite rotation speed of the rotating disk (non-existent 
stagnate diffusion layer is thus assumed) as done by Nicklasson et al.50. 
Again, this would preferably be done with the use of an online UPLC 
system. 

 
• The investigation of an eventual discrimination capacity of the new ap-

paratus if different crystalline phases (polymorphism) of drug substances 
are studied in the in vitro dissolution rate testing. If possible, amorphous 
phases could be included as well. 
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Svensk Sammanfattning 

Vid utvecklingen av ett läkemedel är det viktig att tidigt bestämma fysikalis-
ka och kemiska egenskaper som kan påverka upptaget hos den tänkta aktiva 
läkemedelssubstansen i kroppen för att kunna få en terapeutisk effekt, t.ex. 
efter oralt intag av ett läkemedel. Exempel på fysikaliskt-kemiska egenska-
per är upplösningshastighet (G) och löslighet (S) hos den aktiva substansen. 
Forskningsämnet i detta avhandlingsarbete är inriktad mot analytisk farma-
ceutisk kemi. Analytisk kemi kan beskrivas som en gren inom kemin som 
inriktar sig på undersökning av prover för att fastställa ämnets natur, hur det 
är uppbyggt, vad det innehåller och hur mycket av respektive ämne det inne-
håller. 

Denna avhandling handlar generellt om att utvärdera en nydesignad minia-
tyriserad apparatur för att bestämma upplösningshastigheten hos ett flertal 
läkemedelssubstanser i olika vattenbaserade upplösningsmedia. Hopkoppling 
av det miniatyriserade instrumentet med ett lämpligt separations- och detek-
tionssystem för denna analys har varit en viktig del i avhandlingsarbetet. 

Olika sammansättningar i för testen valda upplösningsmedia kan ge olika 
värden på upplösningshastigheten för en substans. Det kan t.ex. illustreras 
med att vissa läkemedel ska intas på fastande mage, medan andra ska intas 
med föda. I några av delprojekten har studier på eventuell korrelation mellan 
upplösningshastighet och löslighets gjorts, eftersom det sedan tidigare finns 
en definierad ekvation (den sk. Noyes-Whitney ekvationen) som relaterar de 
två egenskaperna till varandra.  

Då det är svårt att dra slutsatser från resultat som har många inverkande 
faktorer, t.ex. alla variabler som ger den totala sammansättningen hos ett upp-
lösningsmedium, då man enbart ändrat en variabel i taget i försöken har även 
en studie genomförts där sk. kemometriska modeller har använts. Kemome-
trin tillämpar matematiska och statistiska metoder för att behandla exempel-
vis kemiska mätdata genom att flera variabler kan ändras på en och samma 
gång i experimenten som genererar dessa data. Datapunkterna kan sprida ut 
sig i en mer mångdimensionell rymd än vår egna tredimensionella, för att 
sedan avbildas till en lågdimensionell modell igen där resultaten återges.  

 
I delarbete I kopplades det nya miniatyriserade instrumentet, där analystek-
niken kallas ”rotating disk”, ihop med ett separationssystem som baserar sig 
på vätskekromatografi (high-performance liquid chromatography, HPLC). 
Vätskekromatografi har en rörlig vätskefas (mobil fas) som pumpas genom 
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systemet och bl.a. genom den stillastående (stationära) fasen som är placerad 
i en kolonn. I tekniken som användes i detta delarbete bestod den stationära 
fasen av åtta stycken kol (C) långa kedjor dit de i systemet injicerade sub-
stanserna av intresse adsorberades (fästes). När föreningarna separeras fäster 
de olika starkt och så länge en substans befinner sig i stationära fasen så är 
den orörlig.  Således kommer den förening som adsorberats bäst till kolked-
jorna att stanna kvar längst i kolonnen och därmed detekteras/registreras sist 
på den utskrift man får, kallat kromatogram. Vätskekromatografi används 
således för att separera, kvantifiera och identifiera organiska föreningar, t.ex. 
läkemedelssubstanser. Med ultraviolett (UV) ljus kan man detektera före-
ningar som absorberar vissa våglängder av ljuset genom att mäta energiför-
ändringen på inskickat ljus och det ljus som når detektorn. Diodmatris (diode 
array detektor, DAD) kan registrera flera UV-mätningar över ett stort våg-
längdsområde, och denna typ av detektor användes i detta avhandlingsarbete. 
Injektionstekniken för det inkopplade rotating disk systemet optimerades, så 
att injektionsvolymen från denna motsvarade den volym som injicerades via 
den inbyggda injektorn i HPLC systemet.  

Förutom inkopplingen av det miniatyriserade instrumentet till HPLC-
DAD systemet så jämfördes den nya apparaturen med ett redan etablerat 
rotating disk instrument och dessutom gjordes studierna i två olika upplös-
ningsmedium, acetat- respektive fosfatbuffert. Då man använder sig av upp-
lösningsmedium för läkemedelssubstanser som kan avge eller ta upp proto-
ner (väte, H+) är det viktigt att lösningens pH inte ändras markant och detta 
styrs bl.a. av den sk. buffertkapaciteten för mediumet/bufferten. Totalt sex 
olika typer av läkemedelssubstanser användes i experimenten. 

Resultaten visade att den nya apparaturen är en lovande prototyp, men att 
den skiljer sig från det traditionella instrumentet p.g.a. deras olika uppbygg-
nad och design. Det nya instrumentet ger generellt en upplösningshastighet 
som är två till tre gånger högre jämfört med den konventionella apparaturen 
vid samma rotationshastighet. Olikheter i upplösningshastighetens värde 
noterades även för substanserna i de två olika buffertarna som användes vid 
testerna.  

 
Delarbete II baserades på att göra en fortsatt jämförelse mellan de två olika 
rotating disk systemen. Förutom att studera upplösningshastigheten (G) i olika 
upplösningsmedia, så bestämdes lösligheten (S) för olika läkemedelssubstan-
ser i samma medium. Löslighet bestämdes via sk. ”shake-flask” metodik, där 
man skakar ett överskott av substanspulver i vald lösning (medium) under en 
viss tid, t.ex. 24 timmar, för att nå jämvikt. Då man skakar en substans en 
längre tid i ett visst medium är det viktigt att ämnet är stabilt under denna tid 
och därför inkluderades en stabilitetsstudie i delarbetet. Det upplösta ämnet i 
vätskefasen kan sedan kvantifieras genom att använda sig av exempelvis 
HPLC-DAD. De två buffertarna från första arbetet användes som medium i 
denna studie likväl och totalt 13 olika läkemedelssubstanser studerades.  
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Korrelationen av de logaritmerade värdena på G och S illustrerades i en 
graf, där log G avsattes på y-axeln mot log S på x-axeln. Fyra olika rota-
tionshastigheter användes för de två rotating disk systemen och båda appara-
turerna visade samma mönster i korrelationsgraferna. Därför drogs slutsatsen 
att det miniatyriserade instrumentet ger överensstämmande resultat med det 
konventionella systemet, som inte användes för vidare studier i avhandlings-
arbetet. En tabell där fördelarna med att använda sig av den nya apparaturen 
jämfört med det traditionella instrumentet presenterades också (exempelvis 
mindre åtgång av substans, mindre volymer av upplösningsmedium och 
snabbare analyser). 

 
En utökad korrelationsstudie gjordes i delarbete III, eftersom skillnader i 
upplösningshastigheten påvisades i tidigare arbeten där olika buffertar an-
vändes. Minst sju olika läkemedelssubstanser testades i olika fosfatbuffert-
sammansättningar, där olika oorganiska salter adderades, och dessutom i en 
buffert baserad på trietanolammoniumacetat (TeAmAc).  

God korrelation påvisades, men det mest linjära sambandet utvärderat 
m.h.a. förklaringskoefficienten (R2) erhölls i TeAmAc och den mer allmänt 
använda fosfatbufferten med tillsats av natriumklorid (NaCl). För basiska 
läkemedelssubstanser i form av hydrokloridsalter (HCl) är det annars vanligt 
att kloridinnehållande medium anses ge avvikande resultat för testsubstanser 
i form av kloridsalt (sk. ”common ion effect”). I studien var det dock joner 
av fosfat och nitrat i mediet som påverkade resultaten mest för de basiska 
läkemedelssubstanserna formulerade som hydroklorider.  

 
I delarbete IV genomfördes slutligen en studie av vilka variabler i lösningen 
som kan påverka upplösningshastigheten och lösligheten för en basisk mo-
dellsubstans (terfenadin). Variablerna utgjordes av totalkoncentration av 
buffertkomponenter, pH, jonstyrkan i systemet (I) och saltkoncentrationen 
samt tillsats av sk. ytaktiva ämnen. Ytaktiva ämnen är molekyler som består 
av en polär och en opolär del. De är mycket vanliga i biologiska system, t.ex. 
i kroppens tarmsafter. Den polära delen hos dessa molekyler löser sig i vat-
ten medan den opolära delen är vattenolöslig, men kan söka sig till andra 
opolära ämnen som t.ex. läkemedelssubstanser. I denna studie användes 
kemometriska modeller för att kunna göra så få studier som möjligt, d.v.s. 
ändra flera variabler samtidigt i ett experiment för att minska det laborativa 
arbetet, utan att förlora viktigt information för slutresultaten. Totalt tre olika 
medium studerades. 

Resultaten visade att upplösningshastigheten och lösligheten för modell-
substansen påverkades av samma variabler, och den viktigaste faktorn var 
pH. Jonstyrkan och tillsatt NaCl var ytterligare signifikanta variabler i ace-
tatbufferten, men inte i övriga media. De ytaktiva ämnena gav statistiskt 
obetydlig inverkan på G och S i denna studie. 
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