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2. Abbreviations  

BMC: biopartitioning micellar chromatography 

CMC: critical micellar concentration 

CMT: critical micellar temperature 

CTAB: cetyltrimethylammonium bromide 

EHC: Environmental Health Criteria  

EURL-ECVAM: European Union Reference Laboratory for alternatives to animal testing 

GLP: good laboratory practice 

HPLC: high pressure/performance liquid chromatography 

IAM: immobilized artificial membrane 

Jss: steady-state flux 

Kp: skin permeation coefficient  

log P: logarithm of the octanol/water partition coefficient 

MEKC: micellar electrokinetic capillary chromatography 

MLC: micellar liquid chromatography 

MP: melting point 

MP number: mobile phase number 

MW: molecular weight 

NMF: natural moisturizing factor 

NSAIDs: nonsteroidal anti-inflammatory drugs 

OECD: Organization for Economic Co-operation and Development 

PC: phosphatidylcholine 

QRAR: quantitative retention-activity relationship 

RPLC: reversed-phase liquid chromatography 

SC: stratum corneum 

SCCS: Scientific Committee on Consumer Safety 

SDS: sodium dodecyl sulfate 

VE: viable epidermis 

UV: ultraviolet 

USP: United States Pharmacopeia 

WHO: World Health Organization  
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4. Introduction 

4.1. General context 

The knowledge and understanding of drug permeation through human skin is an increasingly 

important topic to various industries. The pharmaceutical industry has a main interest 

whether or not drugs could penetrate the human skin [1]. Due to their reduced systemic side 

effects, topical and transdermal drug delivery systems have shown significant advantages in 

the clinical practice. Various formulations can be established to achieve controlled or 

prolonged drug delivery. In this way, alternative methods for oral administration of drugs can 

be provided. The latter route shows as drawback irregular gastrointestinal absorption, 

variation in bioavailability and first pass metabolism [2]. 

In Europe, dermal absorption of cosmetics has to be assessed using an in vitro technique, 

since the Cosmetic Regulation (1223/2009/EEC) [3] forbids the use of animal studies. The 

safety assessment of cosmetics should be provided by alternative methods, which are 

validated by the regulatory instances of the European Union. The European organ for 

validation of these methods is the European Union Reference Laboratory for alternatives to 

animal testing (EURL-ECVAM). The primary task of this organization is to validate methods 

and tests for chemicals and biologicals, which reduce, refine or replace the use of animals 

according to the 3R principle [4]. The EURL-ECVAM is not only responsible for the validation 

of various methods, it also acts as a multifunctional organ which promotes the development 

of alternative approaches and methods, deals with the regulatory affairs, their compliance, 

and implementation in the industry [5].   

Furthermore, the field of toxicology determines risk assessment for chemicals, hazardous 

substances at the workplace and cosmetic ingredients. This field highly depends on 

reproducible data about percutaneous absorption to predict the systemic risk and to postulate 

risk and safety guidelines [6][7][8].  

Summarized dermal absorption is an area with immense interest for various industries. The 

aim is to develop methods and techniques to estimate dermal absorption conform the 3R 

principle. The objective of topical drug application may differ, as permeation through the skin 

into the systemic circulation is not desirable or wanted for some products, like cosmetics and 

sunscreen lotions. Instead it is sufficient for these type of products to remain in the upper 

skin layer e.g. mineral inorganic filters [9]. This emphasizes the need for correct in vitro 

models to predict skin permeability.  
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4.2. The human skin 

4.2.1. Definitions  

As defined by the World Health Organization (WHO) in environmental health criteria (EHC), 

“Dermal (percutaneous, skin) absorption is a global term that describes the transport of 

chemicals from the outer surface of the skin to the systemic circulation [10]. This is often 

divided into: penetration, which is the entry of a substance into a particular layer or structure, 

such as the entrance of a compound into the stratum corneum (SC); permeation, which is 

the penetration through one layer into a second layer that is both functionally and structurally 

different from the first layer; resorption, which is the uptake of a substance into the skin 

lymph and local vascular system and in most cases will lead to entry into the systemic 

circulation (systemic absorption)” [9]. 

4.2.2.  Skin physiology  

The physiology of the human skin (figure 1) plays an important role in the permeation of 

compounds. The human skin consists of three main layers, the epidermis, dermis and 

hypodermis. The SC is the outermost layer of the epidermis and provides a waterproof barrier 

for the human skin [11]. The keratinocytes in the SC are renewed by a process called 

desquamation, in which cells migrate from the base of the epidermis to the SC during a period 

of 30 days [12]. At the final stage of desquamation the keratinocytes will form a flat, closely 

packed, highly organized, and dense lipid matrix. These cells can be defined as the 

corneocytes, which consist of dense organized keratin filaments and a range of hygroscopic 

compounds, called the natural moisturizing factors (NMF), to help the hydration of the SC. In 

between corneocytes, a highly dense mixture of lipid matrix is found composed of ceramides, 

cholesterol and free fatty acids in an equimolar ratio [13]. The corneocytes and the lipid 

matrix are organized in the form of a ‘brick and mortar’ like structure, with the lipid matrix in 

between the corneocytes [14]. 
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Figure 1. Schematic overview of the skin layers, appendages, blood and lymphatic vessels [12]. 

The next layer, the viable epidermis (VE), is situated below the SC. It consists mainly of 

keratinocytes, which contain 40% proteins, 40% water and 20% lipids. The dermis, below 

the VE, is the largest layer of the skin and is about 4 mm thick. It forms the transition to the 

systemic circulation, due to the high prevalence of blood vessels in this layer. The papillary 

dermis has a metabolic function and is surrounded by a wide blood and lymphatic vessel 

network, and is embedded in small and thin elastin and collagen fibers surrounded by a matrix 

containing lymphocytes, melanophores and histocytes [12]. Beneath, the reticular dermis, 

with thick and rigid collagen and elastin fibers, is found. The rigid collagen fibers have a 

supporting function due to their firmness. The elastin fibers give the skin its elasticity. The 

combination of both form the tension lines named Langer’s lines. Beneath the dermis, the 

hypodermis is situated, which consists of several millimeters of subcutaneous fat tissue, fat 

microtubules and fibrous collagen. Its main role is to serve and store energy, insulate the skin 

and connect underlying structures, such as muscles and bones [12]. 
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Throughout the entire human skin, several appendages are present, like hair follicles, 

sebaceous glands and sweat glands. These appendages present an alternative pathway for 

drug delivery into the skin, which avoids the challenges of drug permeation through the SC. 

For example, the lipophilic sebum provides a natural pathway for the diffusion of lipophilic 

drugs into the hair follicles and sebaceous glands. Nevertheless, these pathways should be 

studied more extensively to fully understand the mechanism of drug permeation. This to 

develop retarded drug transport using hair follicles and glands as new routes of passage for 

compounds [15]. 

4.2.3. Transport of chemicals through the skin 

There are three major mechanisms by which skin permeation can be achieved. First, 

transcellular absorption, where the compound diffuses through the keratin-rich environment 

of the corneocytes (figure 2 (b)). Secondly, intercellular absorption, where the compound 

diffuses around the corneocytes and through the intercellular lipid matrix, displayed in figure 

2 (c). Thirdly, by appendageal absorption, where the compound does not diffuse through the 

corneocytes but enters the systemic circulation by diffusion via the shunts of the appendages, 

like hair follicles or sweat glands (figure 2 (a)) [15]. The relative surface area of these 

appendages is relatively small, about 0.1 to 1% of the total surface area of the skin. However 

some areas of the body show a greater prevalence of skin appendages, such as the scalp, 

where the density of hair follicles is much higher than in the rest of the body [9]. 

 

Figure 2. ‘brick and mortar’ structure with the various routes of dermal absorption [15].  

Each layer of the human skin has incremental differences in skin structure and content, which 

leads to a dissimilar drug diffusion rate per skin layer. For example, the exterior layer of the 

skin, the SC, acts as a barrier against hydrophilic compounds due to its high content of 

lipophilic proteins like keratin [14]. The VE consists mainly of an aqueous medium with 
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significant presence of proteins and cellular lipid membranes. This environment results in a 

higher diffusion of hydrophilic, polar structures and retains more lipophilic, non-polar 

compounds. Limiting factors in drug diffusion are effects like drug binding in the VE, drug 

metabolism and active transport. Similar to the VE, the dermis consists mainly of an aqueous 

environment. However the main difference is the vascularization of the dermis, contributing 

significantly to the drug transport and distribution in the skin [12].  

4.2.4.  Mathematical models to estimate skin permeability 

In the process of skin permeation, the SC is seen as the rate-determining barrier. The passive 

diffusion through this layer is described by Fick’s law of diffusion from 1855 (eq. 1). 

Dn/Dt = P x A x dC/dx          (eq. 1) 

This equation explains that passive diffusion is a process of migration depending on a 

concentration gradient over a membrane. The rate of diffusion, Dn/Dt, is the change in the 

number of diffusing molecules inside the cell over time. The concentration gradient across the 

membrane is shown in this formula by dC and is expressed in millimoles (mM). The width of 

the membrane dx is expressed in metric units e.g. centimeters (cm) or millimeters (mm). A 

represents the surface of the membrane and is expressed in squared metric units e.g. 

centimeter² (cm²), and P is a constant which depends on the characteristics of the compound 

[16].  

The conventional model (eq. 2) to estimate SC permeability is an equation assuming the 

partitioning coefficient is related to the octanol-water partition coefficient and the molecular 

weight [17]. The equation is shown below:  

Log Pcw = a + b log Kow + d1 MW         (eq. 2) 

Where Pcw describes the steady-state permeability coefficient through the SC from water (in 

cm/hour). The log Kow relates to the octanol-water partition coefficient of the absorbing 

chemical and has no unit. Coefficients a and b, as well as the d1 parameter, can be calculated 

mathematically when the correlation has been established.  

When data is obtained from in vivo experiments, the main parameters acquired are the 

steady-state flux (Jss) and the skin permeability coefficient (Kp), at infinite dose conditions. 

Fick’s first law can be applied to dermal absorption since the skin acts as a pseudo-

homogeneous membrane [18]. For a membrane of thickness h, the flux at steady state (Jss) 

expressed in mass/cm² per hour is given by:  
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Jss = D (C1 - C2) / h           (eq. 3)  

Coefficients C1 and C2 represent the concentration of the compound on both the in- and 

outside of the membrane and are expressed in mM. The membrane thickness is defined by 

the h coefficient and is expressed in cm. Heterogeneous membranes like the SC need an extra 

factor in the equation to correct for the heterogeneity. This factor D is a diffusion coefficient 

that is expressed in cm² per second [16]. When h = 0, corresponding with the outside of the 

membrane, a local equilibrium between the skin and the vehicle can be defined by C1 = Km x 

Cv in which Km is the partition coefficient of the active compound between SC and vehicle (no 

units), and Cv is the concentration of the active compound dissolved in the vehicle. It should 

be noted that this concentration does not correspond to the total concentration present in the 

vehicle e.g. in suspension, it is only the dissolved concentration that is taken into account 

[16]. Under these conditions, equation 3 becomes:  

Jss =D· Km·Cv/h           (eq. 4) 

The link between the steady-state flux across the skin and Kp (expressed in cm per hour), is 

given by equation 5:  

Jss = Kp· Cv            (eq. 5) 

When combining equation 4 and 5, a correlation with the skin permeability, its corresponding 

partition coefficient and diffusion coefficient can be postulated [19]:  

Kp =Km·D / h            (eq. 6) 

4.3. Drug properties 

The permeation of various drug compounds through the skin depends on several 

characteristics of the molecule, such as physicochemical properties, drug interactions with the 

membrane and pharmacokinetics. These characteristics are defined by molecular descriptors, 

which contain the chemical information of the compound in a numerical manner. The main 

properties will be discussed in the following paragraphs [20].  

4.3.1. Molecular size and weight 

Molecular size was already discovered in 1984 to influence the penetration of membranes. 

However, molecular weight is used more often, since this descriptor is more readily available 

e.g. for most hydrocarbons, where the molecular size compared to its weight is fairly constant. 
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The correlation between molecular weight and its permeation or maximum flux is limited to 

compounds with a molecular weight below 500 dalton [9][21].  

4.3.2. Lipophilicity 

The lipophilicity of a compound determines its passive diffusion through biological 

membranes. This parameter was described for the first time in 1964 [22], where the ‘shake-

flask’ extraction method in the n-octanol/water system was applied to determine its value. 

The logarithm of the partition coefficient (log Po/w) determined by this method, is frequently 

used as a molecular descriptor. Yet this method has some flaws: the shake-flask method is 

highly time- and labor consuming and is not very accurate. This explains the shift to liquid 

chromatographic techniques, which can be automated, are reproducible, faster and can 

handle a larger number of samples [23]. 

4.3.3.  Maximum Flux 

The flux of a compound corresponds with the amount of topically applied drug that penetrates 

the skin per time unit. This has its importance in the determination of local and systemic 

effects on the human organism. The maximum flux depends on the characteristics of the 

drug, vehicle, application and exposure time, and condition of the skin. Maximum flux can 

only differ from the theoretical dermal absorption when the compound or the vehicle can 

modify the skin in a positive or negative way [24][25]. Furthermore, the flux from any vehicle 

can be calculated from its maximal flux after accounting its fractional solubility in the given 

vehicle [26].  

4.3.4.  Melting point  

The melting point (MP) of a specific compound is a physicochemical property depending on 

its the molecular weight (MW) and hydrogen bonding. This descriptor may describe non-

covalent interactions with skin proteins. The addition of the melting point as a descriptor 

creates a large improvement to model the skin permeability [27]. Recent research on oral 

absorption has shown a correlation with MP. Compounds with an increased MP relate to lower 

oral absorption since this parameter relates with solubility and partition coefficient. Since this 

descriptor is more widely available than oral absorption, this parameter is preferred [28]. 

 



13 
 
 

4.3.5.  Ionization 

Compounds in an ionized state will not penetrate the skin that well in comparison to their 

neutral form. The effect on the permeability coefficients is one to two orders of magnitude 

larger compared to the permeability coefficients for the ionized forms of the same compound 

[29]. The exact relationship between both coefficients depends on the lipophilicty of the non-

ionized chemical, the vehicle and used salt form of the chemical, since ion pairing may 

influence the drug transport of the ionized drug [23][30]. Among ionized species the 

permeability coefficient is fairly similar, despite the intuition that zwitterionic (net neutral) 

compounds might penetrate through the skin more rapidly than anionic and cationic forms 

due to their net neutral charge [23].  

4.4. Methods to determine dermal absorption  

4.4.1.  In vivo tests 

The in vivo method to determine human skin permeability is the measurement of cutaneous 

uptake as well as systemic absorption of a compound and has been described by the 

Organization for Economic Co-operation and Development (OECD) to standardize the in vivo 

testing and to contribute to Good Laboratory Practice (GLP). Test number 427 (OECD) defines 

the species, number and sex of the animals as well as their housing and feeding conditions 

[10]. Generally, the rat is the most used species, with at least four rats of the same sex per 

test. This guideline also describes that ideally the tested compound should be radiolabeled to 

determine its exact systemic concentration. The tested concentration should be 

representative for the concentration which comes into contact with the human skin. Since this 

method uses in vivo samples, which are physiologically and metabolically intact, the results 

can be immediately interpreted. The main drawback of this method are the ethical constraints 

involved in animal and human testing. The difference in skin permeability between animal 

skin and human skin should be taken in account as well. Studies have concluded that pigskin 

shows the best comparability with humans, due to the same physiological structure [9]. The 

trend towards the future is to develop in vitro systems combined with physicochemical data 

to improve the predictive power, leading to a replacement of the current in vivo methods. 

This is already the case for the EU regulations on cosmetic testing, yet the objective is to 

regulate other industries as well to encourage the usage of in vitro tests for skin permeation.  
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4.4.2.  In vitro tests: diffusion cells 

Diffusion cells are the most frequently applied in vitro method to determine dermal 

absorption. This technique is simple, fairly rapid and is cheaper in comparison to in vivo 

methods, yet the main disadvantage is the high inter-laboratory variation. Guidelines to 

minimize these variations are postulated by the Scientific Committee on Consumer Safety 

(SCCS) and the OECD.  

The most general used type of diffusion cell is the Franz diffusion cell, and it consists of 2 

solvent chambers separated by a membrane (figure 3). The compound that is analyzed is 

dissolved in one chamber, the donor chamber. The other chamber is the receiving part, where 

the concentration of the compound will be analyzed. The membrane in between the chambers 

is the rate-limiting barrier and consists of animal or human skin. Temperature control is 

essential for correct measurements and predictions of the dermal absorption characteristics 

of the compound. The temperature can be set according to the temperature of the human 

skin, at 32 ± 1 °C, and to the temperature of the vascular circulation 37 ± 1 °C [9]. The most 

relevant information is obtained from human skin, acquired from plastic surgery or cadavers. 

Animal skin can also be used [31] because the thickness of the SC and the epidermis are 

rather similar. Other, similar structures between human and pigskin are the follicular 

structure, vascular anatomy and the arrangement of collagen fibers [20]. The liquids used in 

the chambers are aqueous, containing sometimes various additives like non-ionic surfactants 

(e.g. Tween 80), bovine serum albumin, polyethylene 

glycol, and ethanol to simulate the physiological 

environment or to alter the conditions of the diffusion 

cell setup. In the medium some preservatives can be 

added like gentamicin or formaldehyde to prevent 

microbial growth [20]. The permeated concentration of 

the compound is collected at a predetermined time 

spans. These samples are then analyzed, usually by high 

performance liquid chromatography (HPLC). Fresh 

medium is then added to the receptor compartment to 

maintain the same liquid level as before sampling.      Figure 3. Components of the Franz diffusion cell [32]. 
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4.4.3.  Analytical techniques 

Chromatography is a separation technique with the aim of identifying, quantifying and 

purifying mixtures of compounds. Using a column, containing the stationary phase, and a 

liquid, the mobile phase. The mixture molecules are dissolved in the mobile phase and will 

interact with both the stationary and mobile phases. Interaction with the stationary phase will 

explain the retention of a molecule. Many stationary phases can be selected, this is mostly in 

function of the analytes to be separated e.g. size-exclusion chromatography depends on a 

stationary phase capable of retarding smaller molecules longer, ion-exchange 

chromatography depends on a charged environment. Reversed-phase liquid chromatography 

(RPLC) uses an apolar stationary phase, e.g. a C18 column, with a polar mobile phase 

containing an aqueous part and an organic modifier. The experimental setup of a 

chromatographic system consists of a pump connected to the mobile phase. This pumps the 

mobile phase through the HPLC-column. During analysis, the mobile phase will flow through 

the detection system, mostly an ultraviolet (UV) detector, connected with a computer to 

acquire the results. Afterwards, the mobile phase is collected in a waste disposal system [33]. 

To predict skin permeability, RPLC is used often because of the simplicity and the wide 

applicability of this method. In a comparative study between RPLC, micellar liquid 

chromatography (MLC) and immobilized artificial membrane (IAM) chromatography, the C18 

RPLC system has been chosen as the best surrogate system to predict human skin 

permeability because of its accuracy, fastness and easiness to use [34].  
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4.4.3.1. Micellar liquid chromatography (MLC) 

4.4.3.1.1. General 

MLC uses a mobile phase that contains a surfactant above its critical micellar concentration 

(CMC). MLC can be categorized as a part of RPLC, in which the micelles in an aqueous 

environment form the polar mobile phase and the stationary phase, can be an alkyl-bonded 

stationary phase, e.g. a C18-column. Additionally, the stationary phase can be modified by 

surfactant monomers which are absorbed to it. Thus, creating a structure similar to an open 

micelle. An organic modifier is often used to 

increase the efficiency of the partitioning, as well 

as the solvent strength and selectivity. The 

partitioning of solutes is based on a three-phase 

equilibrium. The compound interacts with the 

mobile phase, the micelles formed in the mobile 

phase and stationary phase (figure 4). The 

retention of the compound will be influenced by 

both interactions. The addition of micelles in this 

chromatographic technique changes the retention 

behavior in comparison to regular RPLC 

conditions, explained extensively in the next 

paragraph [35].        Figure 4. Drug interactions in a MLC setup]. Number 1 represents a 

formed micelle, 2 a surfactant monomer, 3 the compound analyzed and 4 the C18-column with bound surfactant monomers [36]. 

4.4.3.1.2. Differences between RPLC and MLC 

Solvent strength and selectivity are different between MLC and RPLC. Solvent strength refers 

to the power the mobile phase possesses to elute compounds more quickly. This property is 

linked to the change in percentage of organic modifier in the mobile phase [37]. In RPLC, the 

solvent strength and selectivity of the mobile phase is solely influenced by the concentration 

of organic modifier (eq. 7). Where the log of the retention coefficient for a given solute is 

linearly related to the volume fraction of organic modifier in the eluent [38]: 

log k = log kw – S Фorg          (eq. 7) 

Where k is the retention factor, kw is a value of k extrapolated to 100% water as the mobile 

phase (Фorg = 0), S is a constant for a given analyte and a given RP-HPLC system, and Фorg is 

the volume fraction of the organic modifier in the mobile phase (Фorg).  
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The formula that describes the effect between retention in MLC and the volume fraction of 

organic modifier goes as follows (eq. 8): 

log k' = - Shyb Фorg + log kw                        (eq. 8) 

Where Shyb is a function of surfactant and concentration and Фorg the volume fraction of 

organic modifier. This equation shows a linear relationship between retention and Фorg (volume 

fraction of organic modifier) for MLC systems.  

Another difference between RPLC and MLC is the selectivity of both systems. Selectivity can 

be defined as α, the ratio of retention factors for two chromatographic peaks. The primary 

factor controlling the selectivity of the method used is the ability of the stationary phase to 

interact with each analyte. This means that to alter the selectivity of a chromatographic 

separation, the aim is to change the interactions of the analytes with the stationary phase. In 

RPLC systems selectivity decreases with increasing organic modifier concentration [37]. In 

MLC systems, the selectivity remains constant with increases in organic modifier fraction. 

These incremental differences between both methods affect the optimization protocol. In RPLC 

systems the solvent strength, which has the largest influence on these systems, is optimized 

first. Afterwards, the solvent selectivity is adjusted by choosing the proper type of organic 

modifier. This results in a sequential optimization strategy. MLC possesses two main variables 

which influence the solvent selectivity: concentration of surfactant and percentage organic 

modifier. Due to the interaction between both variables, a sequential optimization is not 

preferred, and a simultaneous strategy is favored when using MLC systems. Various 

experimental designs could be implemented for the optimization of an MLC system, where 

the aim is to determine the best response, in this case the optimal retention of various 

compounds. The effect on retention will be examined by evaluating the effect of varying the 

2 factors, surfactant and organic modifier concentration, in a minimal set of experiments [39].

  

Another important aspect in the characterization of chromatographic separating systems is 

the column efficiency. A lower column efficiency can be ascribed to the slower mass transfer 

from hydrophobic environments, like the stationary phase, or the slower exit rates of solutes 

from micelles to the mobile phase. This can be reduced by optimal ‘wetting’ of the column. 

An optimal wetting facilitates the interaction and spreading of the mobile phase on the 

stationary phase surface. This can be obtained by the introduction of a small percentage of 

organic modifier, e.g. 3% propanol, or a higher column temperature (40 °C). The organic 

modifier covers almost 97% of the stationary phase while the higher temperature increases 
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the kinetics of mass transfer [35]. Despite the increase in column efficiency, the preference 

is given to a temperature more similar to this from the human skin, 25°C or 32°C.  

4.4.3.1.3. Surfactants 

Different types of surfactants can be used to form micelles in the mobile phase e.g. sodium 

dodecyl sulfate (SDS), Brij-35 or cetyltrimethylammonium bromide (CTAB). Surfactants are 

amphiphilic molecules with a longer hydrophobic group and a polar head group. They can be 

categorized by their different polar group into four groups: non-ionic, anionic, cationic and 

zwitterionic. Above the CMC, the monomer surfactants aggregate to form micelles with 

different properties depending on the type of surfactant used. The first property is the 

concentration needed of surfactant to form micelles, which varies between the different types 

of surfactant used [40].  

The second property is the aggregation number, which describes the amount of monomer 

surfactants needed to form a micelle once the CMC is reached. A third and last property is the 

Krafft point of the surfactants. A Krafft point, also known as the critical micellar temperature 

(CMT), is defined as the temperature at which the solubility of the surfactant is equal to the 

CMC. Below this temperature, there is no micelle formation [35]. 

The ideal surfactant should have a low CMC and Krafft point. Note that these properties are 

all influenced by the experimental conditions of the MLC, e.g. ionic strength, presence of 

organic modifier and temperature. The organic modifier alters the formation of micelles since 

the hydrophobic interactions between the micelles are reduced by its presence. The maximum 

percentage organic modifier depends on the type of surfactant and organic modifier, but is 

often not known. Therefore, a general guideline is postulated that the concentration of organic 

modifier should never exceed 20% (v/v%) to ensure proper micelle formation. The Krafft 

point should preferably be lower than the temperature used in the MLC-setup, to ensure the 

formation of micelles in the mobile phase. Since MLC setups mainly use absorbance detectors 

in the UV-VIS range, the surfactant should also possess a low molar absorption at the 

operating wavelength. These properties should be taken into account when choosing the most 

suitable surfactant for the analysis [39]. 

 

 

4.4.3.1.4. MLC to predict skin permeability 
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A recent study (2013) has shown for a small data set of 22 similar compounds the substantial 

improvement of the predictive capability of skin permeability coefficients using MLC. Models 

based on the results obtained for this set, accompanied with other molecular descriptors, 

increased the predictive capability even further. Expansion of the set of compounds is 

mandatory in the pursuit of the ideal chromatographic model to determine skin permeability 

[40]. Biopartitioning micellar chromatography (BMC) is a type of micellar liquid 

chromatography. The main difference is that the environment created by BMC reflect more 

the membrane-solute interactions, using Brij-35 as surfactant. The predictive capabilities of 

models obtained with this method have been found to be promising for some factors e.g. 

human skin permeation or human skin partitioning. Yet RPLC C18 systems are superior to 

MLC when predicting skin permeability. 

4.4.3.2. Biomimicking columns 

Another way to simulate drug interactions with the skin is to use so-called biomimicking 

columns. The setup relates well with the classic RPLC setup, yet the main difference is the 

stationary phase of the column. The inside of the column is coated with a common skin 

molecule e.g. keratin, collagen or cholesterol to mimic the composition of the human skin 

[31]. The protein is covalently bound to the polyamino-silanolgroups of the RPLC stationary 

phase. Mostly keratin is used, it is a protein which is relatively stable and is characterized by 

a high sulfur content because of the vast amounts of cysteine and glutamic acid. The 

advantage of keratin is that it can mimic various chemical interactions like hydrophobic, 

hydrophilic, acidic and basic interactions. Due to these interactions the range of molecules, 

which can be analyzed, is wider. Especially in comparison to IAM, another technique with 

covalently bound molecules to the stationary phase, and is described in the next paragraph. 

Other advantages, like cost reduction, are also applicable for this method [31].  
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4.4.3.3. IAM chromatography 

Immobilized artificial membrane (IAM) chromatography is a liquid 

chromatographic technique using a solid-phase membrane mimetic 

as stationary phase. The variation lies in the special type of 

chromatographic column used in this technique. An IAM column 

contains a chromatographic surface with cell membrane 

phospholipids covalently bound to the interior of the column (figure 

5). These cell membrane phospholipids are mainly composed of 

phosphatidylcholine (PC). Skin permeation will be estimated by the 

interactions with the PC bound to the stationary phase. The aim of 

these columns is to get a fast screening of drug absorption of various 

compounds [41]. This column does not only take the lipophilicity into 

account, but also the possible interactions with phospholipids or 

keratin [42]. Theoretically, this would be a good technique to 

determine skin permeability, yet IAM retention does not correlate 

that well with skin permeation [42].                                                      Figure 5. Surface of an IAM chromatography  

                       column. Endcapped with C10/C3 alkyl chains [44]. 

A comparative study between micellar electrokinetic chromatography (MEKC), HPLC (C18) 

and IAM showed larger variation in between skin permeability estimation when an IAM column 

was used [34]. Lázaro and collegues demonstrated that immobilized artificial membranes 

were not always the optimal choice to model a biological drug distribution system in 

comparison to common C18 columns. The best results for the octanol/water partition 

coefficient and also the human skin partition coefficient are obtained by IAM chromatography. 

Yet, the human skin permeability coefficient is determined more correct using common C18 

systems [43].  
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5. Aim  

MLC has been previously found useful in the prediction of octanol/water partition coefficient 

values (log P) for pharmaceutical compounds, yet studies on skin permeability and predictive 

modelling remain scarce. This study has the aim to develop a model to predict skin 

permeability coefficients (Kp) using a MLC. At first the optimal MLC conditions will be 

determined using a central composite design with varying concentrations of the surfactant 

(sodium dodecyl sulfate), and organic modifier (1-propanol). A test set of 15 compounds, with 

a broad range of log P and molecular weight (MW), is used to evaluate the correlation between 

retention and predictive power of log P and Kp. Afterwards a larger test set of 60 compounds 

will be analyzed at the selected optimal MLC conditions. The retention factors obtained from 

this set will be correlated with log P and Kp to evaluate its predictive power and the further 

use in models linking MLC data with skin permeability.  
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6. Materials and methods 

6.1. Micellar liquid chromatography setup 

The HPLC equipment used during the experiments consisted of a Merck Hitachi pump L-7100 

(Merck, Tokyo, Japan) attached to a Merck Hitachi autosampler L-7200 with a 100 µL loop, 

combined with a Merck Hitachi L-7400 UV detector and a D-7000 interface. The software used 

during the experiments was a D-7000 HPLC System Manager software (Merck-Hitachi, Ltd., 

1994–2001, version 4.1). 

The column oven, Igloo-Cil (Amchro, Hammersheim, Germany), used in this setup is external 

to the rest of the HPLC equipment, and is set at 25 °C. An Xterra RP18 150mm x 4.6 mm i.d., 

5 µm column (Waters Corporation, Massachusetts, US) was used during the analysis. Before 

mobile phase constituents reach the HPLC pump they are degassed by a VWR Degasser 2005 

(VWR International, Radnor (PA), US).  

The flow-rate was 1 ml /min, the injection volume 20 µl and the detection wavelength 220 

nm. The dead time, the time at which the first baseline disturbance appears. Although this 

method is not preferred in the literature, it gave the most constant value throughout the 

measurements.  

 

6.2. Preparation of the mobile phase 

The mobile phase contains SDS (Sigma Aldrich, Dorset, UK), as surfactant, 1-propanol as 

organic modifier (Fisher Scientific UK ltd., Loughborough, UK), and is buffered at pH 5.5 using 

sodium acetate (Sigma Aldrich, Dorset, UK). The process to prepare a mobile phase is as 

follows: at first both solid compounds, SDS and sodium acetate are weighed in seperate 

recipients (table 1). For SDS this is directly in a Pyrex® beaker of 1000 ml (Corning 

Incorporated, NY, USA). The sodium acetate is weighed in a Pyrex® glasswork as well. Both 

compounds are weighed by a precision balance Sartorius L2200P (Sartorius Stedim Biotech, 

Göttingen,Germany) and later both compounds are dissolved using milliQ-water. The water 

used for the mobile phase is ultrapure grade set by the Arium® pro UV Ultrapure Water System 

(Sartorius Stedim Biotech, Göttingen,Germany). To accelerate the dissolution process, the 

solution is placed on a magnetic stirrer. Afterwards, the solution is adjusted to the correct pH 

(5.5) using 0.1 M hydrochloric acid (Merck KGaA, Darmstadt, Germany) using a 1100 L pH 

meter (VWR International, Radnor (PA),US). Before filtration, this solution is diluted to 1.0 L 
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using a 1.0 L volumetric flask (Corning Incorporated, NY, USA). Buffers were filtered by 

vacuum filtration using a 0.2 µm pore polyethersulfone filter (Sartorius Stedim Biotech, 

Göttingen, Germany). The correct volume of the SDS buffer solution is measured using a 

volumetric cylinder 1000 ml. The volume of 1-propanol was taken with a graduated volumetric 

cylinder of 50 or 100 milliliters. Solvents and buffer are mixed in a brown 1 liter glass bottle 

and are sonicated for 15 minutes on an ultrasonicator Branson 5210 (Branson Ultrasonics 

Corp, Danbury (CT), USA).  

Table 1. Concentration SDS in the mobile phase with according masses and volumes to be measured.  

 

 

 

 

 

 

6.3. Defining the test set for the experimental design 

A small amount of studies has been conducted on the development of a chromatographic 

model to determine dermal absorption. Therefore the selection of the pharmaceuticals used 

in this test set is based on different criteria. It is based on literature with validated studies 

conducted on dermal absorption of various compounds [29][40]. Another criteria to select 

the correct test set, is to cover a relevant range of characteristics of the compounds e.g. a 

representative range of log P-values or molecular weights. A selection of compounds is based 

on both criteria, with consideration of the compounds available at the laboratory (table 2). 

The characteristics of the selected compounds range from (-0.21 – 4.40) for log P and 

(150.221- 394.439 g/mol) for molecular weight.  

  

Concentration SDS  

(M) 

Mass SDS 

(g) 

V (L) 

0.01 2.88  1.0 

0.03 8.65 1.0 

0.05 14.40 1.0 

0.08  23.07 1.0 

0.13 37.48 1.0 

0.15 43.26 1.0 
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Table 2. Compounds in the test set with the according lipophilicity coefficient and molecular weight (MW) expressed in g/mol. The 

compounds indicated in blue are light sensitive.  

Compound Log P MW 
(g/mol) 

Diclofenac 4.40 296.15 
Progesterone 3.87 314.47 
Ibuprofen 3.50 206.29 
Testosterone 3.32 288.43 
Thymol 3.30 150.22 
Ketoprofen 3.12 254.29 
Cortexone 2.88 330.47 
Lidocaine 2.40 234.34 
Methyl-4-hydroxybenzoate (nipagine) 1.96 152.15 
Prednisolone 1.62 360.45 
Cortisone 1.47 360.45 
Triamcinolone 1.16 394.44 
Antipyrine 0.38 188.23 
Caffeine -0.07 194.19 
Paracetamol -0.21 151.17 

6.4. Preparation of the test set   

The 15 compounds considered in this test set are: diclofenac, progesterone, ibuprofen, 

testosterone, thymol, ketoprofen, cortexone, lidocaine, methyl-4-hydroxybenzoate, 

cortisone, triamcinolone, antipyrine, paracetamol (Sigma Aldrich, Dorset, UK), caffeine 

(Fluka, Dorset, UK) and prednisolone (Pfizer inc., New York, US), with a minimum purity of 

95% or higher. Ten milligrams of each compound is weighed directly in a test tube using a 

ME215SP Sartorius Genius® microbalance (Sartorius Stedim Biotech, Göttingen,Germany) 

and is dissolved in 10.0 ml of HPLC-grade methanol (VWR International, Radnor (PA),US) 

using a 10.0 ml volumetric pipette (Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt, 

Germany). The concentration thus obtained is 1 mg/ml. To accelerate the dissolution process 

of some compounds the test tubes are sonicated during 15 minutes. After dissolution, one 

milliliter is taken using a 1000 µl Eppendorf pipette (Eppendorf AG, Hamburg, Germany) with 

Ultratip pipette tips (Greiner Bio-One, Kremsmünster, Austria). In this test tube, 9.0 milliliters 

of 0.05 M SDS in 0.05 M sodium acetate buffered at pH 5.5 solution will be added using a 9.0 

ml volumetric pipette (Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt, Germany). The 

final concentration of the compound is approximately 0.1 mg/ml.  
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6.5. Defining the experimental design  

The use of experimental designs have a wide application in the optimization of the mobile 

phase used in chromatography. An experiment is conducted to evaluate the effect of one or 

two factors on a response variable. The aim is to determine the most suitable factor levels for 

the desired response. A central composite design is a popular design to describe the 

relationship between the factors and the response variable. A central composite design exists 

out of 9 experiments where each factor will be tested according to its level shown in table 3. 

Afterwards, a model can be built to determine the influence of both factors at each level to 

determine the best suitable outcome. To optimize the used MLC method, there are 2 main 

factors: the concentration of the surfactant and the percentage of organic modifier (table 4). 

Based on previous research there was already an indicative range of surfactant and organic 

modifier needed: a range of 0.01 – 0.15 M is proposed for the SDS concentration, while the 

organic modifier ranges from 0% to 15% [45]. A central composite design was chosen to 

cover a broad range of concentrations with a limited amount of experiments. To visualize the 

responses contour plots are created using the software program Matlab (Matworks, Natick 

(MA), USA). The visualizations can be used to define the optimal response and its according 

mobile phase composition. Using this mobile phase composition a larger set of molecules will 

be analyzed, with the extent to model the retention times with their according skin 

permeability coefficients to develop a quantitative retention-activity relationship (QRAR). 

Table 3. Theoretical levels of the central composite design.  

  

      Figure 6. Central composite design [46]. 

 

 

Experiment 

[SDS] 

(M) 

 [1-

propanol] 

(%) 

1 -1 -1 

2 +1 -1 

3 -1 +1 

4 +1 +1 

5 -α 0 

6 +α 0 

7 0 -α 

8 0 +α 

9 0 0 
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These variables are defined as follows: 

Table 4. Theoretical levels and the according concentrations of SDS and 1-propanol. 

Variable [SDS] 

(M) 

[1-propanol] 

(%) 

-α 0.01 0 

-1 0.03 2.2 

0 0.08 7.5 

+1 0.13 12.8 

+α 0.15 15 

 

6.6. Defining the mobile phases  

The mobile phases are given each a number, this to make the notation easier in this document 

(table 5). Mobile phases 1 will consists out of 0.08 M SDS and 7.5% organic modifier, and so 

on.  

Table 5. Mobile phase composition and its corresponding number. 

Mobile phase number 1 2 3 4 5 6 7 8 9 

Concentration SDS (M) 0.08 0.01 0.03 0.03 0.08 0.08 0.13 0.13 0.15 

% 1-propanol (v/v%) 7.5 7.5 2.2 12.8 0 15 2.2 12.8 7.5 

 

6.7. Contour plots 

Contour plots are a graphical visualization to represent a 3-dimensional surface in a 2-

dimensional format by plotting contours, the so called constant z-slices. This with the aim to 

simplify the plot and make it easier to interpret. A contour plot is formed by independent 

variables on the x and y-axis, the plotted lines are iso-response values of the results obtained 

by the experiments. In this case, the x-axis represents the level of SDS present in the mobile 

phase, while the y-axis represents the level of 1-propanol. In turn the levels correspond to 

their according concentration of SDS or percentage organic modifier. The lines in the plot are 

the outcome of the analysis, i.e. the corresponding retention factors (k-values) of the specific 

compound. Matlab 2004a (Matworks, Natick (MA), USA) software is used to draw the contour 

plots used in this thesis.  
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6.8. Preparation of the complete set of compounds 

The 60 compounds considered in this test set are: thiourea, ephedrine(.HCl), caffeine, α-(4-

hydroxyphenyl) acetamide, atropine, antipyrine, resorcinol, barbital, methylnicotinate, 

piroxicam, 2-nitro-p-phenylenediamine, aminopyrine, triamcinolone, benzyl alcohol, 

lidocaine, ketoprofen, 4-amino-2-nitrophenol, 2-amino-4-nitrophenol, phenobarbitone, 

phenol, prednisolone, naproxen, hydrocortisone, cortisone, methyl-4-hydroxybenzoate, 

estriol, m-cresol, p-cresol, p-nitrophenol, o-cresol, amylobarbital, m-nitrophenol, 

corticosterone, flurbiprofen, o-chlorophenol, triamcinolone acetonide, cortexolone, diclofenac, 

haloperidol, indomethacin, ibuprofen, β-naphthol, testosterone, cortexone, 2,4-

dichlorophenol, 17α-hydroxyprogesterone, thymol, β-estradiol, 2,4,6-trichlorophenol, 

estrone, progesterone, benzoic acid, chloroxylenol, chlorpheniramine (maleate), 

ethylnicotinate, p-phenylenediamine, salicylic acid, urea, sodium salicylate, acetylsalicylic 

acid (Sigma Aldrich, Dorset, UK), caffeine (Fluka, Dorset, UK), prednisolone (Pfizer inc., New 

York) with a minimum purity of 95% or higher. The samples are prepared in the same manner 

as the small test set explained in the paragraph 6.4. ‘Preparation of the test set’. 

6.9. Analysis of the chromatograms 

The obtained chromatograms are integrated using the software from the HPLC instrument. 

Retention time and dead time are expressed in minutes and are shown for each chromatogram 

in the appendix. The retention factor k is calculated based on the following formula: 

𝑘 =
  

 
           (eq. 9) 
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7. Results & Discussion  

7.1. Analysis of the test set 

Retention times of 15 compounds were measured in this study using the 9 mobile phases 

defined in the central composite design. The results of the corresponding retention factors (k-

values) and log retention factors (log k-values) are shown in table 6 and 7. The calculation of 

the retention factor was done according to eq. 9, the dead times of the corresponding data 

about the chromatograms can be found in appendix 1 to 9. In general, it can be stated that 

the sequence of eluting compounds remains the same in most cases. For example, thymol 

shows the longest retention time with every mobile phase. The fastest eluting compound 

depends on the mobile phase used. Paracetamol and caffeine elute within one minute of each 

other and are always the first eluting compounds. In general, an increase in concentration of 

SDS or 1-propanol corresponds with a decrease in retention time. This influence could be 

expected, due to the influence of both variables on the retention factor explained in eq. 8. A 

change in concentration of SDS relates to a larger difference in retention time in comparison 

to the change of percentage 1-propanol.  

Table 6. Retention factors (k) of the compounds in the test set for each mobile phase composition.  

Mobile phase number 1 2 3 4 5 6 7 8 9 

Caffeine 1.05 1.16 1.69 0.59 2.00 0.90 1.32 0.50 1.03 

Paracetamol 1.05 1.19 1.31 0.70 1.44 1.05 1.13 0.59 1.02 

Antipyrine 1.42 1.81 2.91 0.87 2.89 1.15 1.72 0.68 1.23 

Triamcinolone 3.47 8.10 7.54 2.84 3.83 2.42 2.47 1.52 2.41 

Cortisone 4.91 15.92 12.48 4.58 6.30 3.35 3.58 2.09 3.11 

Prednisolone 5.36 19.87 15.03 5.44 7.81 3.73 4.16 2.24 3.32 

Ketoprofen 6.26 9.34 13.55 4.20 10.77 3.11 6.09 2.32 4.51 

Methyl-4-
hydroxybenzoate 

10.13 19.35 19.02 8.98 12.30 7.33 8.08 4.86 6.97 

Cortexone 10.47 66.24 26.59 15.35 11.90 8.14 6.80 4.57 6.08 

Testosterone 11.88 72.67 26.14 19.17 10.64 10.39 6.69 5.78 7.03 

Lidocaine 18.42 135.29 57.78 28.71 25.13 13.40 13.34 6.92 9.74 

Progesterone 19.01 137.89 41.10 33.31 15.72 16.45 10.25 9.02 9.78 

Ibuprofen 23.01 77.59 64.19 26.06 35.83 12.93 19.65 7.83 13.17 

Diclofenac 28.38 86.32 99.40 27.21 37.90 13.06 22.26 8.69 16.15 

Thymol 40.71 202.57 104.74 57.81 47.90 30.08 28.78 16.50 22.74 
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Table 7. log k-values of the compounds in the test set for each mobile phase.  

Mobile phase number 1 2 3 4 5 6 7 8 9 

Caffeine 0.02 0.06 0.23 -0.23 0.30 -0.05 0.12 -0.30 0.01 

Paracetamol 0.02 0.08 0.12 -0.15 0.16 0.02 0.05 -0.23 0.01 

Antipyrine 0.15 0.26 0.46 -0.06 0.46 0.06 0.23 -0.17 0.09 

Triamcinolone 0.54 0.91 0.88 0.45 0.58 0.38 0.39 0.18 0.38 

Cortisone 0.69 1.20 1.10 0.66 0.80 0.53 0.55 0.32 0.49 

Prednisolone 0.73 1.30 1.18 0.74 0.89 0.57 0.62 0.35 0.52 

Ketoprofen 0.80 0.97 1.13 0.62 1.03 0.49 0.78 0.36 0.65 

Methyl-4-hydroxybenzoate 1.01 1.29 1.28 0.95 1.09 0.87 0.91 0.69 0.84 

Cortexone 1.02 1.82 1.42 1.19 1.08 0.91 0.83 0.66 0.78 

Testosterone 1.07 1.86 1.42 1.28 1.03 1.02 0.83 0.76 0.85 

Lidocaine 1.27 2.13 1.76 1.46 1.40 1.13 1.13 0.84 0.99 

Progesterone 1.28 2.14 1.61 1.52 1.20 1.22 1.01 0.96 0.99 

Ibuprofen 1.36 1.89 1.81 1.42 1.55 1.11 1.29 0.89 1.12 

Diclofenac 1.45 1.94 2.00 1.43 1.58 1.12 1.35 0.94 1.21 

Thymol 1.61 2.31 2.02 1.76 1.68 1.48 1.46 1.22 1.36 

 

7.2.  Assessing the retention factors of each mobile phase 

To select the most suitable mobile phase composition for further analysis, various criteria can 

be proposed. At first, the time to analyze a compound, its retention time, should be within a 

reasonable timespan. The maximal retention factor is defined at 60 for a single compound. 

This factor is important for the quality of the specific chromatogram because the chance of 

tailing increases with longer run-times. A longer run-time influences the number of 

compounds analyzed within the same length of time, resulting in a lower throughput of the 

proposed method. To visualize this criterion, the highest retention factors of each mobile 

phase are plotted (figure 7). The threshold value is indicated by the orange line and is set at 

60. The retention factors above this threshold can be considered as unsuitable for the optimal 

mobile phase. Therefore, the mobile phases that can be excluded are MP 2 and MP 3. 
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Figure 7. The highest retention factor (k) is plotted per mobile phase. The threshold is set at = 60 and is indicated by the orange 
line. 

 

Fast elution can be an asset for the high throughput of a method, yet very fast eluting 

compounds can co-elute with the injection peak, resulting in incorrect or altered 

measurements. Therefore a retention factor should be greater than one to ensure that the 

injection peak and the compound peak are separated. To visualize this criterion, the lowest 

retention factors per mobile phase are plotted with a threshold value set at 1 (figure 8). 

Compounds possessing a greater, and more suitable retention factor, will lie above the 

threshold line. The mobile phases that can be excluded are: MP 4, MP 6 and MP 8, since they 

have at least one compound with a retention factor less than 1.  

 

 

Figure 8. The lowest retention factor (k) is plotted per mobile phase. The threshold is set at k = 1 and is indicated by the orange 
line. 
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7.3. Contour plots  

The contour plot is developed for both the fastest and slowest eluting compound, caffeine and 

thymol (figure 9 and 10). When both plots are combined, an overlay plot is formed that can 

be used to define a domain matching both criteria, namely a retention factor smaller than 60 

for thymol and a retention factor larger than 1 for caffeine (figure 11). The reason behind 

these criteria are already explained in the previous paragraph. The domain corresponding 

with the most suitable mobile phase is indicated with a blue dotted line. In this domain, points 

from the predefined central composite design can be found at coordinates (0,0); (0,-1) and 

(1,-1). These points relate to MP 1, 5 and 7.  

 

 

Figure 9. Contourplot of caffeine, the colorbar on the right represents the retention factor (k) and varies from green to blue. A 

green color indicates a higher retention factor (k) for this compound and is more preferable.  
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Figure 10. Contourplot of thymol, the colorbar on the right represents the retention factor (k) and varies from yellow to red. A 
red color indicates a lower retention factor (k) for this compound and is more preferable.  

  

Figure 11. Overlay-plot of caffeine and thymol. the colorbar on the right represents the retention factor (k) and varies from 
yellow to red or green to blue. The indicated area is the domain with the most suitable retention factors for both compounds.  

7.4.  Correlation with lipophilicity  

The most promising mobile phase is chosen on its correlation with characteristics like 

lipophilicity and the skin permeability coefficient. Literature suggests that the octanol-water 

partition coefficient (log P) is potent to predict the dermal flux of compounds [47]. Thus a 

23
.5

1
74

8

23.51748

43
.4 1

858

63
.31

967

83
.22

076

10
3.1

219

12
3.0

229

14
2.9

24
16

2.8
251

[SDS]

[1
-p

ro
pa

no
l]

 

 

-1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1

40

60

80

100

120

140

160



33 
 
 

good correlation between the retention time obtained with the MLC method and log P is a 

criterion to select the most suitable mobile phase. The next criterion is the correlation between 

the retention times obtained using the MLC method and the skin permeation values (Kp) 

obtained from the literature. This correlation can be a measure for the predictive value of skin 

permeation and is the main goal of this research.  

 

The correlation between the log k-values and log P are shown in figures 12, 13 and 14. The 

corresponding correlation coefficients are for the mobile phase with 0.08 M SDS with 7.5% 1-

propanol r² = 0.85 (figure 12), for 0.08 M SDS with 0% 1-propanol r² = 0.81 (figure 13) and 

for 0.13 M SDS with 2.2% 1-propanol r² = 0.81 (figure 14). It can be concluded that the 

three mobile phases result in a correlation factor of 0.80 or higher with MP1 having the best 

correlation (r²=0.85). It should be noted that with increasing log k values the correlation 

seems to deviate more than for lower log k values, for all three mobile phases. 

 

 

Figure 12. Correlation between the log k on the x-axis and the log P in MP 1. 
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Figure 13. Correlation between the log k on the x-axis and the log P in MP 5. 

 

 

Figure 14. Correlation between the log k on the x-axis and the log P in MP 7. 

7.5.  Peak shape  

Another criterion, which can be postulated to help in the decision-making of the most suitable 

mobile phase, is the peak shape of the eluting compounds. Presence of tailing influences the 

correct determination of the elution time and peak surface area. The last one is less important 

in this case, since the qualitative aspect of the elution of various compounds is more important 

than the quantitative aspect. The United States Pharmacopeia (USP) formulates an equation 

to give a score to the asymmetry of the peak (equation 8).  

 

S = W0.05h / 2f (eq. 8). 
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Figure 15 displays the meaning of the variables visually where 

factor S is the symmetry, W0.05h corresponds with the peak 

width at 5% the peak height above the peak baseline, and f 

corresponds with the distance between the start of the peak 

and the intersection of a vertical line from the peak top and 

the line drawn at peak height of 5%. Ideally this factor equals 

1, this means no tailing occurs. Peak tailing only occurs when 

this value increases and is higher than 1.                 Figure 15. Peak tailing [48]. 

                                             

Using the integration software of the HPLC setup, this can be determined automatically. Due 

to software issues the determination of the asymmetry failed for most components. 

Comparison of the mobile phases is only possible when all values are present for at least one 

compound. Since this was not the case, the comparison was done visually.  

 

A compound with a long retention time is selected, in this case diclofenac. This to ensure no 

influence from the injection peak is observed and the compound interacts long enough with 

the stationary phase. The peak shape of this compound is compared for mobile phases 1, 5 

and 7. The chromatograms of diclofenac are displayed below in figure 16, 17 and 18. It can 

be concluded that the peak shape for the three mobile phases is comparable. It can be noted 

that tailing is present for all the mobile phases, yet this was be expected at longer retention 

times. 

 
Figure 16. Chromatogram of diclofenac with MP 1 (0.08 M SDS 7.5% 1-propanol). The x-axis displays the retention time in minutes 

and the y-axis displays the peak intensity in mV. 
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Figure 17. Chromatogram of diclofenac with MP 5 (0.08 M SDS 0% 1-propanol). The x-axis displays the retention time in minutes 

and the y-axis displays the peak intensity in mV. 

 

 
Figure 18. Chromatogram of diclofenac with MP 7 (0.13 M SDS 2.2% 1-propanol). The x-axis displays the retention time in minutes 

and the y-axis displays the peak intensity in mV. 

7.6. Comparison of the injection peaks 

The form and duration of the injection peak can be important for the early eluting compounds, 

therefore a small overview of the injection peak is given for each mobile phase (shown in 

appendix 10). Peaks where obtained from the chromatogram of thymol, a slow eluting 
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compound, which did not interfere with the injection peak. The injection peak is not taken 

from the blanco chromatogram since the blanco consists of solely 0.05 M SDS in 0.05 M 

acetate buffer at pH 5.5 without 1-propanol. Therefore it was not selected since the influence 

of the presence of 1-propanol is visible in the injection peaks. It is noted that all injection 

peaks vary distinctively from each other. The y-axis shows the intensity of the peak in 

millivolts, while the x-axis displays the time in minutes. Peak intensities vary from 20 to 80 

mV and the injection peak ends mostly around 2.25 minutes with the exception of MP 5 which 

consists of 0.08 M SDS without organic modifier. To conclude, it can be stated that the 

duration of the injection peak with MP 5 and its according peak intensity is the smallest, so it 

will give less interference with faster eluting peaks like caffeine or paracetamol.  

7.7. Comparison of the log k with the skin permeability coefficient (Kp) 

The aim of this test set is to develop experimental conditions with the best possible predictive 

abilities towards skin permeation. Therefore the log k values obtained from the test set are 

compared to the log of the skin permeability (Kp). Skin permeability factors were obtained 

from the literature [29]. Correlation coefficients are shown with their corresponding mobile 

phase to compare and select the mobile phase with the best correlation between log k and 

the skin permeability coefficient (Kp). Mobile phase 1 has a linear correlation of 0.23 (figure 

19), mobile phase 5 has a linear correlation of 0.34 (figure 20) and mobile phase 7 has a 

linear correlation of 0.33 (figure 21). All three figures show a large spread of points with a 

low linear correlation.  

 

 

Figure 19. Correlation between log k and log Kp in MP 1.  
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Figure 20. Correlation between log k and log Kp in MP 5. 

 

 

Figure 21. Correlation between log k and log Kp in MP 7. 

 

A quadratic relationship between log k and log Kp is shown below and gives more promising 

results: MP 1 has a quadratic correlation of 0.39 (figure 22), MP 5 has a quadratic correlation 

of 0.49 (figure 23) and MP 7 has a quadratic correlation of 0.44 (Figure 24). It can be 

concluded that MP 1 has the lowest correlation, both linear and quadratic, between log k and 

log Kp values. The low correlation between retention factors and Kp values will be discussed 

further.   
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Figure 22. Correlation between log k and log Kp in MP 1. 

 

 

Figure 23. Correlation between log k and log Kp in MP 5. 

 

Figure 24. Correlation between log k and log Kp in MP 7. 
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7.8. Summary of the correlation between the retention factor and log p or log Kp 

The correlation coefficients between the log k and the log P or log Kp are shown below for all 

mobile phases (table 8). The best correlation between the log k and the log P are seen for MP 

1, 3 and 9, whereas the best correlation between the log k and the log Kp are seen for MP 5 

and 7.  

Table 8. Correlation coefficients r² corresponding with the mobile phase number between log k with log P or log k with log Kp.  

Mobile phase number 1 2 3 4 5 6 7 8 9 
r² log k - log P 0.85 0.78 0.84 0.82 0.81 0.78 0.81 0.82 0.84 
r² log k - log Kp 0.23 0.17 0.23 0.19 0.34 0.19 0.32 0.19 0.26 

 

7.9.  Selection of the best mobile phase 

In this paragraph, a summary is given about the previous criteria to select the most suitable 

mobile phase. Appropriate retention time, corresponding with a retention factor between 1 

and 60 can be obtained for all components with MP 1, 5 and 7. After analysis of the injection 

peaks it can be concluded that MP 5 results in the least interference with eluting compounds, 

in comparison to all the other mobile phases. Comparison of the peak shapes did not result 

in a preference of one mobile phase since the tailing occurs with all the mobile phases used. 

MP 1 can be favored when the correlation between the retention factor and the octanol/water 

partitioning coefficients is analyzed, while MP 5 gives the best correlation between the 

retention factor and the skin permeability coefficients of the compounds. In conclusion, mobile 

phase 1, containing 0.08 M SDS and 7.5% 1-propanol, is chosen as the most suitable mobile 

phase and will be used in the analysis of the complete set of compounds. Mobile phase 5, 

containing 0.08 M SDS and no 1-propanol is also favorable, but the choice has been made to 

select the method with faster eluting compounds and so a higher throughput. The total time 

to analyze the 15 compounds using MP 1 takes up to 182 minutes in comparison to MP 5, 

which takes up to 217 minutes to analyze the set same set of compounds. 

 

7.10. Analysis of the full set of compounds 

The entire test set of 60 compounds is analyzed using the mobile phase containing 0.08 M 

SDS in 0.05 M acetate buffer at pH 5.5 and 7.5% 1-propanol. Their corresponding retention 

time, k-value and log k-value are displayed in table 10, along with data found in the literature 
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about Kp and log P [12]. It should be noted that urea is excluded, since no signal appeared 

during analysis. A possible explanation could be that the UV absorbance at 220 nm is fairly 

low and the compounds elute relatively fast, with a possible elution together with the injection 

peak. The analysis of atropine was interrupted before a peak was seen, therefore it will be 

excluded from the set of compounds and the analysis should be repeated in further 

experiments. The retention time of haloperidol is 139.84 minutes, which is the only compound 

with a retention time longer than 2 hours. The second longest retention time is obtained from 

thymol at 35.58 minutes. Since these values are highly dissimilar, haloperidol will also be 

excluded in the further analysis of the test set and the results of this compound will have to 

be repeated and re-evaluated.  

Table 10. Retention times and -factors, skin permeation coefficients and octanol water partition coefficients of the test set. 

Compound  Retention 
(min) 

k  log k Kp (cm/h) log Kp 
(cm/h) 

Log P 

Salicylic acid 1.25 0.42 -0.38 6.26E-03 -2.20 2.26 

Sodium salicylate 1.25 0.42 -0.38 5.55E-05 -4.26 2.06 

Acetylsalicylic acid 1.25 0.42 -0.38 7.24E-03 -2.14 1.19 

Benzoic acid 1.42 0.61 -0.21 3.00E-02 -1.52 1.87 

Thiourea 1.50 0.70 -0.15 9.55E-05 -4.02 -0.95 

α-(4-Hydroxyphenyl) 
acetamide 

1.84 1.09 0.04 4.50E-04 -3.35 -0.21 

Caffeine 1.85 1.10 0.04 1.60E-03 -2.80 -0.07 

Ephedrine(.HCl) 1.98 1.25 0.10 6.00E-03 -2.22 0.93 

Antipyrine 2.17 1.47 0.17 6.58E-05 -4.18 0.38 

Resorcinol 2.65 2.01 0.30 2.40E-04 -3.62 0.80 

Barbital 2.88 2.27 0.36 1.10E-04 -3.96 0.65 

Nicotinate, methyl 3.34 2.80 0.45 3.25E-03 -2.49 0.87 

Triamcinolone 3.97 3.51 0.55 3.98E-06 -5.40 1.16 

Benzyl alcohol 4.18 3.75 0.57 6.00E-03 -2.22 1.10 

Aminopyrine 4.21 3.78 0.58 1.02E-03 -2.99 1.00 

p-phenylenediamine 4.28 3.86 0.59 2.40E-04 -3.62 -0.30 

2-Nitro-p-phenylenediamine 5.07 4.76 0.68 5.00E-04 -3.30 0.53 

Cortisone 5.20 4.91 0.69 3.00E-06 -5.52 1.61 

Piroxicam 5.24 4.95 0.70 3.40E-03 -2.47 3.06 

Nicotinate, ethyl 5.27 4.99 0.70 6.34E-03 -2.20 1.32 

Hydrocortisone  5.41 5.15 0.71 3.82E-02 -1.42 3.34 

Prednisolone 5.61 5.38 0.73 8.22E-03 -2.09 1.46 

4-Amino-2-nitrophenol 5.87 5.67 0.75 2.80E-03 -2.55 1.53 

2-Amino-4-nitrophenol 6.28 6.14 0.79 1.52E-02 -1.82 1.96 
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Ketoprofen 6.55 6.44 0.81 5.89E-02 -1.23 3.12 

Phenobarbitone 6.56 6.45 0.81 6.60E-04 -3.18 1.53 

Corticosterone 6.78 6.70 0.83 6.47E-04 -3.19 1.94 

Phenol 6.84 6.77 0.83 4.50E-04 -3.35 1.47 

Cortexolone 8.16 8.27 0.92 7.50E-05 -4.12 2.52 

Indomethacin 9.61 9.92 1.00 5.05E-02 -1.30 4.27 

Methyl-4-hydroxybenzoate 9.77 10.10 1.00 1.00E-05 -5.00 1.47 

Cortexone 9.99 10.35 1.02 4.50E-04 -3.35 2.88 

Naproxen 10.18 10.57 1.02 4.47E-05 -4.35 1.62 

p-cresol 10.69 11.15 1.05 1.20E-01 -0.92 1.94 

Triamcinolone acetonide 10.79 11.26 1.05 2.02E-05 -4.69 2.53 

m-Cresol 10.83 11.31 1.05 4.00E-05 -4.40 2.45 

Amylobarbital 11.06 11.57 1.06 2.27E-03 -2.64 2.07 

Testosterone 11.33 11.88 1.07 4.00E-04 -3.40 3.32 

o-Cresol 12.03 12.67 1.10 1.57E-02 -1.80 1.95 

17α-Hydroxyprogesterone 12.63 13.35 1.13 6.00E-04 -3.22 3.17 

p-Nitrophenol 12.83 13.58 1.13 5.58E-03 -2.25 1.91 

o-Chlorophenol 13.92 14.82 1.17 3.31E-02 -1.48 2.15 

m-Nitrophenol 14.55 15.53 1.19 5.64E-03 -2.25 2.00 

Ibuprofen 15.02 16.07 1.21 5.70E-01 -0.24 3.50 

Estriol 15.61 16.74 1.22 9.12E-03 -2.04 1.96 

Lidocaine 16.74 18.02 1.26 2.00E-02 -1.70 2.40 

Progesterone 17.69 19.10 1.28 1.50E-03 -2.82 3.87 

Flurbiprofen 19.31 20.94 1.32 4.62E-01 -0.34 4.16 

Chlorpheniramine (maleate) 20.67 22.49 1.35 2.20E-03 -2.66 3.39 

β-Naphthol 21.25 23.15 1.36 2.79E-02 -1.55 2.70 

Estrone 24.93 27.33 1.44 3.60E-03 -2.44 3.13 

2,4-Dichlorophenol 25.67 28.17 1.45 6.01E-02 -1.22 3.06 

Diclofenac 25.87 28.40 1.45 1.82E-02 -1.74 4.40 

Chloroxylenol 26.45 29.06 1.46 5.90E-02 -1.23 3.48 

β-estradiol 27.21 29.92 1.48 3.89E-03 -2.41 4.01 

2,4,6-Trichlorophenol 34.24 37.91 1.58 5.94E-02 -1.23 3.69 

Thymol 35.58 39.43 1.60 5.28E-02 -1.28 3.30 
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7.11. Correlation with octanol/water partitioning coefficient 

The results of the entire test set are plotted against the log P-value (figures 25, 26, 27 and 

28). The lipophilic properties of a compound and its importance to skin permeation is already 

pointed out in the introduction of this thesis (4.3.2.). The relationship between the retention 

factor and the log P-value does not seem to be linear, a quadratic curvature is seen in the left 

corner, the correlation factor is 0.50 (figure 25). When a quadratic trend line is applied (figure 

26), the r² increases to 0.56, indicating that the fit of the data is improved. The plot of log k 

with log P (figure 27) shows a lower linear correlation (r² = 0.47) in comparison to the linear 

correlation of the retention factor. Opposite to this result, the quadratic correlation between 

log k and log P shows a higher correlation of r² = 0.57 (figure 28) compared to a linear 

correlation of r² = 0.56. In general, the quadratic r² values are higher than the r² models of 

linear models. Therefore, a quadratic model is preferred in further modeling of this factor.  

 

Figure 25. Analysis of the correlation between the retention factor (k) and octanol/water partition coefficient (log P) of the 

compounds in the mobile phase 0.08 M SDS with 7.5% 1-propanol. The linear trendline is indicated in a dotted line. 

 

Figure 26. Analysis of the correlation between the retention factor (k) and octanol/water partition coefficient (log P) of the 

compounds in the mobile phase 0.08 M SDS with 7.5% 1-propanol. The quadratic trendline is indicated in a dotted line. 
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Figure 27. Analysis of the correlation between the log k and octanol/water partition coefficient (log P) of the compounds in the 

mobile phase 0.08 M SDS with 7.5% 1-propanol. The linear trendline is indicated in a dotted line.  

 

Figure 28. Analysis of the correlation between the log k and octanol/water partition coefficient (log P) of the compounds in the 

mobile phase 0.08 M SDS with 7.5% 1-propanol. The quadratic trendline is indicated in a dotted line.  

7.12. Correlation with the skin permeability coefficient 

The correlation between the retention time is plotted against the log Kp-value. Only the plot 

with log k and log Kp is shown (figure 29), since retention time and -factor did not show any 

correlation with Kp and are also affected by outliers. When the logarithm of the retention time 

is used, the influence of outliers is reduced. The correlation between the log k-value and the 

log Kp-value is r² = 0.11. The low correlation can be explained by the fact that skin 

permeability data in general is affected by inter- and intra-laboratory variation [34]. Also, the 

lack of additional descriptors, like MW or log P, limit the correlation between the retention 

time of the compounds and the skin permeability coefficient. Another explanation can be that 

the data obtained needs to be stratified into different classes of molecules, like steroids, small 
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molecules and nonsteroidal anti-inflammatory drugs (NSAIDs) for example in order to obtain 

relationships per class of drug.  

 

  

 

Figure 29. Analysis of the correlation between log k-value and Log Kp. 

  

R² = 0.1088

-6.00

-5.00

-4.00

-3.00

-2.00

-1.00

0.00
-0.50 0.00 0.50 1.00 1.50 2.00

lo
g 

Kp
 (c

m
/h

)

log k



46 
 
 

8. Conclusion 

After comparison of all the data obtained by the various mobile phases defined by a central 

composite design, the most suitable mobile phase was chosen and was composed of 0.08 M 

SDS in 0.05 M sodium acetate buffer at pH 5.5 with 7.5% 1-propanol. Other mobile phases 

with preferable characteristics are 0.08 M with no 1-propanol and 0.13 M SDS with 2.2% 1-

propanol. The rest of mobile phases are not suitable because of too short retention times and 

compounds eluting at the same time as the solvent peak. Furthermore, when retention times 

are too long, this results in peak tailing and a method which is not suitable for high-throughput 

screening.  

 

After analysis of the total set of compounds, the best correlation for log P is found between 

log P and the log k (r² = 0.57), using a quadratic equation. The predictive power of the model 

is determined by the correlation with the Kp or the log Kp. The best correlation was found 

between the log k and the log Kp (r²=0.11), using a linear equation. Since the points do not 

follow a linear trend and form more a cloud of data points, the correlation is still low. A solution 

could be to include other parameters, such as those explained in the introduction of this thesis 

e.g. molecular weight, melting point, etc. in a multiple linear regression model. Another 

possible perspective is the stratification of data in various categories of molecules, like 

steroids, NSAIDs or small molecules to obtain relationships per type of compound instead of 

one relationship for all compounds.  

 

Since the mobile phase containing 0.08 M SDS without organic modifier correlated better with 

the skin permeability for the reduced test set, it can be useful to analyze the full set of 

compounds using this mobile phase in future experiments and compare the results with the 

ones from the 0.08 M SDS with 7.5% 1-propanol. In this way, it can be evaluated that the 

correct decision was made concerning the most suitable mobile phase.  
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10. Abstract 

Dermal absorption of chemicals is an area of increasing interest in the pharmaceutical and 

cosmetic industry, as well as in dermal exposure and risk assessment processes in the field 

of toxicology. In this thesis the capability of micellar liquid chromatography (MLC) to predict 

compound percutaneous absorption is evaluated. MLC has previously been found to be useful 

in the prediction of octanol/water partition coefficient values (log P) for pharmaceutical 

compounds, yet studies on skin permeability and predictive modelling remain scarce. The 

interest in MLC is large since the introduction of a surfactant into a chromatographic system 

can simulate the hydrophilic and lipophilic environment of the skin better than regular high 

performance liquid chromatography (HPLC). General advantages of MLC are that it is a 

reproducible, rapid and sensitive chromatographic method. This study evaluates the potential 

application of MLC to predict skin permeation with a series of 60 pharmaceutical and cosmetic 

compounds. A central composite design is used to define the optimal MLC conditions, using a 

smaller test set of 15 pharmaceuticals, representing a relevant range of log P and molecular 

weight (MW). The concentrations of sodium dodecyl sulfate (SDS) as surfactant ranged 

between 0.01 M and 0.15 M and the percentage of organic modifier 1-propanol ranged 

between 0 and 15%. The optimal conditions were found at 0.08 M SDS in 0.05 M sodium 

acetate buffer at pH 5.5 with 7.5% 1-propanol. Next, 60 pharmaceutical and cosmetic 

compounds were analyzed with these conditions and their retention time is correlated to the 

octanol/water partitioning coefficient (log P) and skin permeation coefficient (Kp). It can be 

concluded that solely the retention time, the corresponding retention factor (k) or log k will 

not be sufficient to predict skin permeation. Nevertheless, the retention values obtained in 

this thesis can be used to develop models to predict skin permeability, e.g. combined with 

other molecular descriptors like molecular weight (MW) and melting point (MP) in multivariate 

models.  

Keywords: skin permeability, micellar liquid chromatography, central composite design 
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11. Samenvatting 

Dermale absorptie van moleculen is een onderzoeksgebied met toenemende interesse vanuit 

de farmaceutische en cosmetische industrie, alsook voor de bepaling van dermale blootstelling 

en risicoanalyse binnen het gebied van de toxicologie. In deze masterproef zal de capaciteit 

van micellaire vloeistofchromatografie (MLC) als in vitro techniek onderzocht worden naar het 

vermogen van het voorspellen van percutane absorptie van een stof. MLC is een methode die 

reeds bruikbaar is geweest bij de voorspelling van de octanol/water partitiecoëfficiënten van 

farmaceutische stoffen. Echter, binnen het domein van dermale adsorptie is er nog niet veel 

gebruik van gemaakt. Deze thesis evalueert de mogelijke toepassing van MLC om de 

huidpermeatie van een aantal farmaceutische stoffen te voorspellen. Door gebruik te maken 

van een surfactant in het chromatografisch systeem, zullen zowel hydrofiele als lipofiele 

eigenschappen van de huid beter nagebootst kunnen worden dan bij een omgekeerde-fase 

vloeistofchromatografie (RPLC). Algemene voordelen van MLC zijn de reproduceerbaarheid, 

snelheid en gevoeligheid van deze techniek. In deze masterproef werd een test set van 15 

stoffen gebruikt om de optimale mobiele fase samenstelling te bepalen gebruikmakend van 

een central composite design. Verschillende concentraties aan natriumdodecylsulfaat (SDS) 

worden gebruikt als tenside met een variërend percentage aan organische modifier in een 

systeem met een C18 stationaire fase. De geselecteerde optimale condities zijn 0.08 M SDS 

in een 0.05 M natriumacetaat buffer bij pH 5.5 met 7.5% 1-propanol. Daarna werden 60 

farmaceutische en cosmetische stoffen geanalyseerd bij deze condities en is geprobeerd hun 

retentietijd te correleren met de octanol/water partitiecoëfficiënt (log P) en 

huidpermeatiecoëfficiënt (Kp). De retentietijd, de bijhorende retentiefactor (k) of logaritme k-

waarde blijken niet voldoende te zijn om de huidpermeatie te voorspellen. Desalniettemin, 

kunnen de resultaten in deze studie gebruikt worden om alternatieve modellen te 

ontwikkelen, bijvoorbeeld multivariate modellen waarbij de retentie(factor) gecombineerd 

wordt met andere moleculaire descriptoren zoals moleculair gewicht (MW) of smeltpunt (MP).  

Kernwoorden: huidpermeabiliteit, micellaire vloeistofchromatografie, central composite 
design  
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12. Appendices 

Appendix 1. Results of MP 1 containing 0.08 M SDS 0.05 M sodium acetate (pH = 5.5) and 7.5% 1-
propanol 
 

 

 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 26.74 0.91 25.83 1.41
Progesterone 18.41 0.92 17.50 1.24
Ibuprofen 21.61 0.90 20.70 1.32
Testosterone 11.85 0.92 10.94 1.04
Thymol 37.54 0.90 36.63 1.56
Ketoprofen 6.53 0.90 5.62 0.75
Cortexone 10.44 0.91 9.53 0.98
Lidocaine 17.67 0.91 16.76 1.22
Methyl-4-hydroxybenzoate 10.13 0.91 9.22 0.96
Prednisolone 5.79 0.91 4.88 0.69
Cortisone 5.38 0.91 4.47 0.65
Triamcinolone 4.07 0.91 3.16 0.50
Antipyrine 2.20 0.91 1.29 0.11
Caffeine 1.87 0.91 0.96 -0.02
Paracetamol 1.87 0.91 0.96 -0.02

Chosen dead time (min) 0.91
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Appendix 2. Results of MP 2 containing 0.01 M SDS 0.05 M sodium acetate (pH = 5.5) and 7.5% 1-propanol 

 

 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 81.21 0.93 80.27 1.90
Progesterone 129.17 0.93 128.23 2.11
Ibuprofen 73.09 0.93 72.15 1.86
Testosterone 69.25 0.94 68.31 1.83
Thymol 185.25 0.91 184.31 2.27
Ketoprofen 9.62 0.93 8.68 0.94
Cortexone 63.21 0.94 62.27 1.79
Lidocaine 126.75 0.93 125.81 2.10
Methyl-4-hydroxybenzoate 19.13 0.94 18.19 1.26
Prednisolone 19.62 0.94 18.68 1.27
Cortisone 15.74 0.93 14.80 1.17
Triamcinolone 8.55 0.94 7.61 0.88
Antipyrine 2.64 0.94 1.70 0.23
Caffeine 2.03 0.94 1.09 0.04
Paracetamol 2.06 0.94 1.12 0.05

Chosen dead time (min) 0.94
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Appendix 3. Results of MP 3 containing 0.03 M SDS 0.05 M sodium acetate (pH = 5.5) and 2.2% 1-propanol 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 72.08 0.94 75.68 1.88
Progesterone 39.57 0.86 41.10 1.61
Ibuprofen 61.28 0.94 64.19 1.81
Testosterone 25.51 0.89 26.14 1.42
Thymol 99.4 0.94 104.74 2.02
Ketoprofen 13.68 0.94 13.55 1.13
Cortexone 25.93 0.89 26.59 1.42
Lidocaine 55.25 0.94 57.78 1.76
Methyl-4-hydroxybenzoate 18.82 0.98 19.02 1.28
Prednisolone 15.07 0.94 15.03 1.18
Cortisone 12.67 0.94 12.48 1.10
Triamcinolone 8.03 0.94 7.54 0.88
Antipyrine 3.68 0.94 2.91 0.46
Caffeine 2.53 0.95 1.69 0.23
Paracetamol 2.17 0.94 1.31 0.12

Chosen dead time (min) 0.94
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Appendix 4. Results of MP 4 containing 0.03 M SDS 0.05 M sodium acetate (pH = 5.5) and 12.8% 1-propanol 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 31.31 1.11 27.21 1.43
Progesterone 38.08 1.11 33.31 1.52
Ibuprofen 30.04 1.11 26.06 1.42
Testosterone 22.39 1.11 19.17 1.28
Thymol 65.28 1.11 57.81 1.76
Ketoprofen 5.77 1.11 4.20 0.62
Cortexone 18.15 1.1 15.35 1.19
Lidocaine 32.98 1.11 28.71 1.46
Methyl-4-hydroxybenzoate 11.08 1.11 8.98 0.95
Prednisolone 7.15 1.11 5.44 0.74
Cortisone 6.19 1.11 4.58 0.66
Triamcinolone 4.26 1.11 2.84 0.45
Antipyrine 2.08 1.11 0.87 -0.06
Caffeine 1.76 1.11 0.59 -0.23
Paracetamol 1.89 1.11 0.70 -0.15

Chosen dead time (min) 1.11
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Appendix 5. Results of MP 5 containing 0.08 M SDS 0.05 M sodium acetate (pH = 5.5) and 0% 1-propanol 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 34.23 0.88 37.90 1.58
Progesterone 14.71 0.88 15.72 1.20
Ibuprofen 32.41 0.88 35.83 1.55
Testosterone 10.24 0.88 10.64 1.03
Thymol 43.03 0.88 47.90 1.68
Ketoprofen 10.36 0.88 10.77 1.03
Cortexone 11.35 0.88 11.90 1.08
Lidocaine 22.99 0.88 25.13 1.40
Methyl-4-hydroxybenzoate 11.7 0.88 12.30 1.09
Prednisolone 7.75 0.88 7.81 0.89
Cortisone 6.42 0.88 6.30 0.80
Triamcinolone 4.25 0.88 3.83 0.58
Antipyrine 3.42 0.88 2.89 0.46
Caffeine 2.64 0.88 2.00 0.30
Paracetamol 2.15 0.88 1.44 0.16

Chosen dead time (min) 0.88
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Appendix 6. Results of MP 6 containing 0.08 M SDS 0.05 M sodium acetate (pH = 5.5) and 15% 1-propanol 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 12.37 0.88 13.06 1.12
Progesterone 15.36 0.88 16.45 1.22
Ibuprofen 12.26 0.88 12.93 1.11
Testosterone 10.02 0.88 10.39 1.02
Thymol 27.35 0.89 30.08 1.48
Ketoprofen 3.62 0.88 3.11 0.49
Cortexone 8.04 0.90 8.14 0.91
Lidocaine 12.67 0.88 13.40 1.13
Methyl-4-hydroxybenzoate 7.33 0.88 7.33 0.87
Prednisolone 4.16 0.89 3.73 0.57
Cortisone 3.83 0.88 3.35 0.53
Triamcinolone 3.01 0.88 2.42 0.38
Antipyrine 1.89 0.88 1.15 0.06
Caffeine 1.67 0.88 0.90 -0.05
Paracetamol 1.80 0.89 1.05 0.02

Chosen dead time (min) 0.88
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Appendix 7. Results of MP 7 containing 0.13 M SDS 0.05 M sodium acetate (pH = 5.5) and 2.2% 1-propanol 

 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 20.47 0.88 22.26 1.35
Progesterone 9.90 0.88 10.25 1.01
Ibuprofen 18.17 0.88 19.65 1.29
Testosterone 6.77 0.88 6.69 0.83
Thymol 26.21 0.88 28.78 1.46
Ketoprofen 6.24 0.88 6.09 0.78
Cortexone 6.86 0.88 6.80 0.83
Lidocaine 12.62 0.88 13.34 1.13
Methyl-4-hydroxybenzoate 7.99 0.88 8.08 0.91
Prednisolone 4.54 0.88 4.16 0.62
Cortisone 4.03 0.88 3.58 0.55
Triamcinolone 3.05 0.88 2.47 0.39
Antipyrine 2.39 0.88 1.72 0.23
Caffeine 2.04 0.88 1.32 0.12
Paracetamol 1.87 0.88 1.13 0.05

Chosen dead time (min) 0.88
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Appendix 8. Results of MP 8 containing 0.13 M SDS 0.05 M sodium acetate (pH = 5.5) and 12.8% 1-propanol 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 10.76 1.10 8.69 0.94
Progesterone 11.12 1.11 9.02 0.96
Ibuprofen 9.80 1.11 7.83 0.89
Testosterone 7.53 1.10 5.78 0.76
Thymol 19.42 1.10 16.50 1.22
Ketoprofen 3.68 1.12 2.32 0.36
Cortexone 6.18 1.11 4.57 0.66
Lidocaine 8.79 1.11 6.92 0.84
Methyl-4-hydroxybenzoate 6.51 1.12 4.86 0.69
Prednisolone 3.60 1.12 2.24 0.35
Cortisone 3.43 1.12 2.09 0.32
Triamcinolone 2.80 1.11 1.52 0.18
Antipyrine 1.86 1.11 0.68 -0.17
Caffeine 1.67 1.12 0.50 -0.30
Paracetamol 1.76 1.12 0.59 -0.23

Chosen dead time (min) 1.11
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Appendix 9. Results of MP 9 containing 0.15 M SDS 0.05 M sodium acetate (pH = 5.5) and 7.5% 1-propanol 

 

  

Compound Retention time (minutes) Dead time (minutes) Retention factor (k) Log k
Diclofenac 15.09 0.88 16.15 1.21
Progesterone 9.49 0.88 9.78 0.99
Ibuprofen 12.47 0.88 13.17 1.12
Testosterone 7.07 0.88 7.03 0.85
Thymol 20.89 0.88 22.74 1.36
Ketoprofen 4.85 0.88 4.51 0.65
Cortexone 6.23 0.88 6.08 0.78
Lidocaine 9.45 0.88 9.74 0.99
Methyl-4-hydroxybenzoate 7.01 0.88 6.97 0.84
Prednisolone 3.80 0.88 3.32 0.52
Cortisone 3.62 0.88 3.11 0.49
Triamcinolone 3.00 0.88 2.41 0.38
Antipyrine 1.96 0.88 1.23 0.09
Caffeine 1.79 0.88 1.03 0.01
Paracetamol 1.78 0.88 1.02 0.01

Chosen dead time (min) 0.88
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Appendix 10. Injection peaks per mobile phase 

MP 1        MP 2  
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