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Microdialysis is a sampling technique currently used for a wide range of 

compounds. However some drugs represent a special challenge to successfully apply this 

technique. It was the objective of this work to evaluate the feasibility of using 

microdialysis to study tissue distribution of lipophilic and high molecular weight 

compounds, such as corticosteroids and docetaxel. 

Initially, the recovery of seven different corticosteroids and docetaxel was 

determined in vitro. Despite the corticosteroids’ lipophilicity and molecular weight, 

recoveries ranging from 33.3 to 62.2% were obtained. Higher recoveries were observed 

for flunisolide, while budesonide gave lower recoveries. No significant correlation was 

obtained between the average recovery and the compound’s lipophilicity and molecular 

weight. Docetaxel recovery by gain and by loss ranged from 34.7 to 49.3% and from 

53.4 to 64.2%, respectively. The average recovery obtained by no-net-flux was 68.7%.  
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The application of microdialysis in the pre-clinical study allowed us to determine 

dexamethasone tissue penetration into the muscle by comparing the AUC of free muscle 

and free plasma profiles. The AUC ratio was 1.13+/- 0.25 and 0.97 +/- 0.19 for the 50 

and 100 mg/kg dose, respectively, which indicates that the drug freely distributes into the 

muscle. The clinical study was carried out to determine dexamethasone absorption and 

tissue distribution after oral and iontophoretic administration. Dexamethasone could be 

detected in the samples from both probes after oral administration; however no drug was 

detected after topical administration.  

The results obtained show that it is feasible to apply microdialysis in pre-clinical as 

well as clinical situations to study the pharmacokinetics of dexamethasone. 
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CHAPTER 1 
INTRODUCTION 

The effectiveness of therapeutics depends on how much drug reaches the site of 

action. Nowadays, mathematical models are used to predict if drug levels attained in 

different organs will be inside the therapeutic range or not. However, a better assessment 

would be to directly measure the drug level at the effect site. There are different 

techniques used to measure drug levels at specific sites, but they do not always provide 

full information on the degree of drug penetration. A more informative technique 

available is microdialysis. Microdialysis has been used for a wide range of compounds; 

however, some drugs represent a special challenge to successfully apply this technique.  

Microdialysis (MD) is an established technique to study the pharmacokinetics of 

hydrophilic compounds. However, sampling of lipophilic and high protein bound 

compounds by MD presents special problems. The recovery of compounds such as 

estradiol and bethamethasone 17-valerate was investigated by MD after topical 

administration. The estradiol study showed some variability in the results, and it was not 

possible to detect the compound in 8 out of 10 subjects, with probes positioned at a depth 

of 1.5 to 10 mm from the skin surface.1 In the bethamethasone study the detection of this 

compound in the dialysate was only possible after the administration of high doses or 

after maximizing treatment by preparing the drug solution in ethanol.2 The lack of 

detection of both drugs in the dialysates was attributed to the compound’s molecular 

weight and lipophilicity. On the other hand, successful results in a microdialysis study of 

triamcinolone acetonide have been reported for both in vitro and in vivo experiments.3,4  
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The controversial results reported in the literature regarding microdialysis of 

corticosteroids led us to investigate the feasibility of performing microdialysis for this 

class of compounds and to investigate if factors like lipophilicity and molecular weight 

do interfere in a significant manner with the microdialysis process. Furthermore, the 

possibility of using this technique in pre-clinical and clinical experiments was also 

studied, since the ultimate goal of applying microdialysis would be to investigate the 

compound’s pharmacokinetics at the biophase. 

Hypothesis 

This work will test the hypothesis that the distribution profile and the 

pharmacokinetics of compounds with high molecular weight or lipophilic compounds can 

be evaluated by the use of microdialysis. 

Specific Aims 

Specific Aim 1: In Vitro Microdialysis of Docetaxel 

Specific aim 1 is to assess the feasibility of doing microdialysis of docetaxel and to 

determine the in vitro recovery of this compound by three different methods: extraction 

efficiency, retrodialysis and no-net-flux. 

Specific Aim 2: In Vitro Microdialysis of Corticosteroids 

Specific aim 2 is to determine the in vitro microdialysis profile of different 

corticosteroids and to evaluate the effect of lipophilicity and molecular weight on the 

recovery of these compounds. It is also the aim to determine dexamethasone in vitro 

recovery when different methods and different probe materials are sued. 

Specific Aim 3: Pre-clinical Microdialysis of Corticosteroid 

Specific aim 3 is to determine the dexamethasone tissue distribution in muscle of 

male Wistar rats by microdialysis after intravenous administration of dexamethasone 
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dissodium phosphate, and to compare the free muscle concentration to the free plasma 

concentration.  

Specific Aim 4: Clinical Microdialysis of Corticosteroids  

Specific aim 4 is to determine dexamethasone tissue distribution in muscle and skin 

after oral administration and the penetration efficiency after topical administration of 

dexamethasone dissodium phosphate by iontophoresis. 
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CHAPTER 2 
REVIEW ON MICRODIALYSIS 

Introduction 

Microdialysis (MD) is a technique used to determine the concentration of 

exogenous and endogenous substances in the extracellular fluid (ECF) of different 

tissues. It was first mentioned in the literature in the early 1970’s, but the analytical 

methods available at that time made its use difficult. Microdialysis was initially applied 

to small molecules and hydrophilic compounds, since the use of this technique with 

lipophilic compounds showed to be more challenging. However, with a better 

understanding of the factors affecting the process of microdialysis and with the 

improvement of the analytical methods available, it is possible to manipulate the 

experiment conditions in order to perform MD of a wider class of compounds. 

The following review aims to describe the microdialysis technique, principles and 

features, as well as give some examples on how MD can be applied to elucidate a drug’s 

pharmacokinetics and pharmacodynamics. 

Microdialysis Principles 

Microdialysis is performed by introducing a tubular probe into the tissue of interest. 

A typical microdialysis probe consists of rigid concentric tubing with a semipermeable 

region (membrane), which is permeable to water and small molecules. There are different 

types of probes available, with different formats and membranes materials. The choice of 

either type is made based on the tissue and compound under investigation (Figure 2-1).  

 



5 

 

         (A)  (B)  (C)
Figure 2-1: Representation of the microdialysis probes available for PK studies. (A) 

Concentric probe; (B) Linear probe; (C) Shunt probe. 5 

A physiological buffer solution is continuously perfused through the MD probe at a 

constant flow rate. The fluid entering the probe is called perfusate and, after getting in 

contact with the probe membrane and interacting with the tissue, the fluid coming out the 

outlet of the probe is called dialysate. Once introduced in the tissue, the MD probe 

function can be compared to that of an artificial blood vessel (Figure 2-2). The perfusate 

flows through the probe with no net delivery or removal of the fluid from the tissue. 

Unbound substances present in the tissue surrounding the MD probe will diffuse through 

the probe membrane into the perfusate and will be carried out of the probe by the 

constant flow.6,7 The dialysate concentration will represent the concentration attained in 

the tissue under investigation. Any changes in the tissue levels over time will be reflected 

in the dialysate concentration.8 

Microdialysis employs the principle of passive diffusion for drug sampling. 

Substances with restricted size surrounding the semipermeable region of the probe will 

passively diffuse down a concentration gradient into the probe lumen, according to Fick’s 

law. The flux through the membrane is affected by the concentration gradient, the 

molecule’s diffusion coefficient, and the area available for the diffusion to occur.9-11 

However, because of the continuous fluid flow inside the probe, equilibration 

between extracellular fluid (ECF) and the perfusate is incomplete during microdialysis. 
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Therefore, the dialysate concentration will represent only a fraction of the free 

concentration observed in the tissue. In order to overcome this difference and to obtain 

the true tissue concentration, the probe recovery, or the fraction of free levels that can be 

sampled, needs to be determined.  

In terstitium

Capillary
Cell

Perfusate
Dialysate

 
Figure 2-2: Scheme of a microdialysis probe inserted in a tissue.7 

Recovery 

A precise estimation of the recovery is important if one wants to have a good 

prediction of the true tissue levels. However, the determination of the recovery can be 

affected by different factors related to the substance, the microdialysis instrumentation, 

and the physiology of the tissue under investigation. How each factor can affect recovery 

will be discussed later. 

The recovery can be expressed as relative or absolute recovery. The relative 

recovery is based on the dialysate concentration while the absolute recovery is expressed 

in terms of mass per time. The relative recovery is inversely proportional to the flow rate, 

decreasing with higher flow rate. The absolute recovery, on the other hand, increases with 

flow rate. The higher the flow rate, the more material is removed per unit of time, the 

higher the absolute recovery (Figure 2-3).12 The relative recovery of a compound reaches 

almost 100% at flow rates near to zero, decreasing exponentially with increasing flow 
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rates.11-16 The relative recovery is used more because it allows the estimation of the tissue 

concentration, since the outlet concentration will always be a percentage of the tissue 

concentration.16 

 
Figure 2-3: The effect of flow rate on the relative (concentration) and absolute (mass) 

recovery of dopamine.17 

Usually, high recoveries are preferred due to the high dialysate concentration that 

can be obtained. On the other hand, in order to obtain high recoveries, either low flow 

rates or large collection intervals are required. Low flow rates will result in samples with 

small volumes, which make samples analysis more difficult since a more sensitive 

method is required. Long collection intervals will cause a loss in time resolution.5 A good 

perfusion flow rate is a compromise between acceptable recovery, dialysate volume, 

adequate resolution time and assay sensitivity.12,14 

In order to predict the tissue concentration in a PK study, the recovery should 

preferably be determined in vivo. The recovery by a MD probe depends on the diffusion 

through three different regions: the medium (or tissue), the probe membrane, and the 

probe lumen.18,19 The slower diffusion region will be the limiting step for the drug 

recovery. In in vitro experiments or in systems were the medium is a flowing fluid such 

as blood, the limiting step is the drug diffusion through the probe membrane. However, 
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when performing MD in tissue, the drug diffusion through the tissue structures and 

extracellular fluid will dictate the drug recovery by MD probe.5 Therefore, differences in 

the recovery can be observed for many compounds depending on whether it was 

determined in vitro or in vivo.14 The in vitro recovery is useful to estimate the MD probe 

behavior for a specific compound before performing an animal or human experiment. It 

also provides the maximum recovery that may be expected for a specific compound.16 

The recovery can be determined by different methods such as the extrapolation to 

zero flow method; slow flow method; extraction efficiency; retrodialysis; internal 

standard; and the point no-net-flux or zero net flux. 

Extrapolation to Zero Flow Method 

The extrapolation to zero flow rates method requires that the dialysate 

concentration be determined at different flow rates. Afterwards, the dialysate 

concentration obtained at each rate is plotted against the flow rate and by linear 

regression it is possible to determine the concentration when the flow is zero. At zero 

flow rate, the dialysate is considered to be in equilibrium to the external medium, 

therefore, representing the real concentration in the probe surrounding. The equation used 

to describe the relationship between dialysate and flow rate is21 

( )FrA
dial CC /

0 exp −⋅=    (Equation 2-1) 

where Cdial is the dialysate concentration at the specific flow rate; C0 is the concentration 

outside the MD probe (in the solution or tissue); r is the mass transport coefficient; A is 

the surface area of the MD membrane; and F is the flow rate.21 

The disadvantage of this method is the low temporal resolution, since large 

collection times are required for low flow rates, in order to increase the dialysate 
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volume.12 Another disadvantage of this method is related to outliers and variability of the 

dialysate concentration. Data with high variability make it difficult to precisely estimate 

the C0.21  

Slow Perfusion Method  

The slow perfusion method is based on the fact that recovery is dependent on the 

flow rate.  At very slow flow rates, the contact time between perfusate and extracellular 

fluid increases and the exchange between MD and tissue comes very close to the 

equilibrium, resulting in a dialysate with concentrations similar to the free concentration 

in the tissue.16 At very low flow rates (<50nl/min) it is assumed that the drug extraction is 

higher than 95% for small molecules.5,21  

The problem with this method is the low volume of the samples, which makes 

analysis more complicated, and evaporation during the sample collection, which becomes 

a significant problem with very low dialysate volume. The dead volume in the probe 

tubing can also affect recovery, since it might cause a significant dilution of the dialysate 

during sampling.21 

Extraction Efficiency 

The extraction efficiency (EE) method or recovery by gain consists of sampling 

compound from a matrix with known analyte concentration. The in vitro set up of this 

method consists in placing the MD probe into a tube containing a solution with known 

concentration of the analyte. The probe is then perfused with a blank physiologic 

solution. Drug molecules surrounding the membrane will diffuse from the solution into 

the probe lumen, and will be collected in the probe outlet. The relationship between the 

drug concentration in the dialysate and in the matrix is considered the recovery or the 
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fraction of drug extracted from the solution.14 This method is very simple and represents 

the in vivo situation when the drug is present in the tissue and diffuses into the probe. 

Since it is important to know the exact concentration in the solution, this method is 

only used to determine the in vitro recovery. Initially, it was assumed that the membrane 

resistance was the major step affecting recovery and not the tissue resistance. Therefore, 

in vitro determination of the recovery would be enough to calibrate the probe. However, 

it is known now that the tissue tortuosity is the rate limiting step in the in vivo recovery, 

and that the in vitro and in vivo recovery might not correlate well.  

On the other hand, the in vitro recovery is useful to determine probe performance, 

especially for self-made probes, and to estimate the recovery of a specific compound 

before performing any in vivo experiment.  

Retrodialysis 

In the retrodialysis method (RD) or calibration by delivery the substance of interest 

is added to the perfusate medium and its loss to the matrix is determined. The ratio 

between the substance loss to the medium, determined by calculating the difference 

between its concentration in the perfusate and dialysate, and the perfusate concentration 

is used to calculate the recovery. This method is frequently used to determine the 

recovery in vivo, because it is not time consuming and it can be performed for the same 

animal and probe, either before or after the experiment. In either way, it is assumed that 

the recovery remains constant throughout the experiment and that no tissue changes occur 

in this period.16  

The RD relies in the reversibility of the passive diffusion process across the 

membrane. RD represents the opposite process of drug sampling by the probe. In order to 

use the recovery determined by RD to calculate the true tissue concentration, it is 
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assumed that the drug diffusion from either sides of the membrane is the same. The 

reversibility of the process can be verified in vitro and it is true for a series of 

compounds.22 Another assumption of this method is that the recovery remains constant 

throughout the experiment. Recovery changes that occur during the experiment will not 

be detected by this method.5 

Internal Standard Method 

The term retrodialysis has also been used in delivery experiments where a 

compound other than the analyte is added to the perfusate (the internal standard method). 

The rate of delivery of the internal standard (IS) to the tissue is used to determine the 

recovery.5 In this method, first the in vitro delivery of the internal standard as well as the 

gain of the analyte are concomitantly determined and used to calculate the ratio of both in 

vitro recoveries. Afterwards, the internal standard is added to the perfusate and its in vivo 

recovery is determined. The in vivo recovery as well as the ratio determined in vitro are 

then used to calculate the analyte concentration in the tissue by the relationship23 

k
R
R

invitroA

invitroIS =
,

,
     (Equation 2-2) 

invivoIS

dialA
tissueA R

kC
C

,

,
,

⋅
=     (Equation 2-3) 

where RIS,invitro is the in vitro recovery of the internal standard ; RIS,invivo is the in vivo 

recovery of the internal standard; RA,invitro is the in vitro recovery of the analyte; CA,tissue is 

the analyte concentration in the tissue; CA,dial is the analyte concentration in the dialysate; 

and k is the ratio of the recoveries obtained in vitro for both compounds. 
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Assumption are made that the recovery of the analyte has a constant known 

relationship to the delivery of the internal standard and this relationship is the same under 

in vitro and in vivo conditions. This method requires a calibrant with physical-chemical 

and biological characteristics similar to the analyte. On the other hand, the IS cannot 

interfere with the experiment or with the tissue characteristics, and it should be 

eliminated from the tissue in the same rate as the analyte. The similar properties can be 

achieved by using either a radiolabeled drug or a compound with similar structure to the 

analyte.16  

No-Net-Flux 

The no-net-flux method (NNF) is based on determining the mass transport of the 

analyte across the dialysis membrane as a function of perfusate concentration. In the NNF 

method, it is assumed that the matrix surrounding the probe has a constant concentration 

of the analyte (steady state). Different drug concentrations are added to the perfusate, 

above and below the drug concentration in the matrix, and are pumped through the probe 

at different times. When the perfusate concentration is below the concentration in the 

fluid around the probe, there will be a gain of drug towards the probe lumen. On the other 

hand, when the perfusate concentration is higher than outside the probe, there will be a 

loss of drug towards the external media, resulting in a lower dialysate concentration. The 

observed net change in the dialysate concentration is plotted versus the perfusate 

concentration.  The slope of this plot, calculated by regression, is the probe recovery and 

the x-axis intercept of the curve is the point of no-net-flux (where the concentration in the 

matrix and perfusate are identical).16 

This method is considered more accurate than the other methods because it 

estimates the recovery by lost and by gain, depending on the concentration gradient 
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across the probe membrane.12,24 However, it has the disadvantage of being time 

consuming, requiring the calibration to be performed in different days with different 

animals. Therefore, it is not commonly used to calibrate the probe in vivo especially in 

pharmacokinetics studies.12 The precision of this method also is highly dependent on the 

individual concentration determined and on the number of perfusion concentrations 

used.5 

Factors Affecting Recovery 

A concern with microdialysis is the effect of variable membrane permeability on 

substance recovery. The recovery should be independent of drug concentration and it is 

expected to be constant during experiments. However, the percentage recovery might 

change and it should be ordinarily determined for each individual probe and substance of 

interest.8 

The recovery is influenced by many factors such as (1) membrane characteristics 

(length, shape, thickness, diameter, and chemical composition); (2) temperature; (3) 

perfusate pH and ionic strength; (4) flow rate; (5) substance physico-chemical 

characteristics; and (6) tissue physiology.5,8,25  

Membrane characteristics 

Interactions of the compound to the dialysis membrane have been reported to affect 

the mass transport through the membrane.15 There are probe membranes made of 

different material such as polycarbonate, regenerated cellulose (cuprophan), 

polyethersulfone, and polyacrylonitrile. While all are hydrophilic, the polyacrylonitrile 

probes have a much thicker membrane and are also negatively charged, which causes the 

recovery of anionic compounds to be smaller if compared to other materials.12,22  
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The membrane composition can affect more significantly the in vitro recovery than 

the in vivo one. Hsiao and coworkers (1990) tested the in vitro and in vivo recovery of 

four neurochemical compounds using three different probe membranes: polycarbonate, 

polyacrylonitrile, and cuprophan. They showed that the in vitro recovery/mm2 was 

different among the different probe membranes. However, the in vivo recovery obtained 

for all probe membranes was similar for three out of four compounds tested.18  

The probe recovery is proportional to the membrane surface area available for drug 

diffusion. The surface area of a cylindrical membrane is determined by its length and 

radius. Longer membranes will have higher surface areas for the diffusion to occur, 

resulting in higher recoveries. The recovery will increase up to a limit, where increasing 

the membrane length will not result in an increase in the recovery (Figure 2-4).12,15,16,22,26 

However, the tissue under investigation will dictate the membrane length, since shorter 

membranes are preferable for small tissues such as brain. 

 
Figure 2-4: Effect of membrane length on the recovery of acetaminophen, vanillic acid, 

and caffeine.22 

The geometry of the probe is another characteristic that could affect the recovery. 

Zhao and co-workers (1995) studied the effect of linear and flexible (concentric) probes 
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on the recovery of a series of compounds. As a result, the recovery of linear probes was 

consistently higher for all compounds tested. The author concluded that the linear probe 

has a higher inner volume and lower linear velocity of the perfusate compared to the 

flexible probe, which resulted in an increased recovery.22 

Temperature 

The temperature has an effect on the diffusion coefficient of compounds. Because 

the microdialysis process follows Fick’s law, changes in the drug diffusion coefficient 

will result in differences in the recovery. For each increase in ºC, a 1-2% increase in the 

diffusion coefficient was observed, resulting in higher recoveries.15 A higher recovery 

was observed at 37ºC than at room temperature for compounds with different 

lipophilicities.3,15,26,27 Therefore, the in vitro recovery should be carried out at 37ºC in 

order to get a better prediction of the in vivo recovery.16,28 

Perfusate 

The perfusate composition can affect recovery by changing the compound chemical 

characteristics and tissue physiology. The perfusate pH can change the ionization state of 

the compound, resulting in the presence of a more or less ionized form of the compound. 

The non-ionized or neutral form will have a higher recovery than the charged form.22 The 

perfusate ionic strength can change the recovery by changing the tissue ionic composition 

and osmolarity. These tissue changes can result in changes in the tissue tortuosity, either 

increase or decrease, which winds up changing the recovery. De Lange and coworkers 

(2000) observed a significant difference in the AUC of acetaminophen brain dialysate 

when isotonic and hypotonic solutions were used, with lower AUC for the hypotonic 

perfusate.29  



16 

 

Flow rate 

The flow rate has an indirect exponential relationship to the recovery. The recovery 

decreases exponentially as the flow rate increases.14,22,26 At low flow rates, the recovery 

is higher because there is more time for the equilibration between the perfusate and the 

tissue to occur. However, lower flow rates result in dialysate with lower volume, which 

might be a problem for the analytical method. The change in the flow rate will affect the 

recovery by delivery and by gain in the same manner for a series of compounds.14,22  

Physico-chemical characteristics of the analyte 

The uptake into the MD probe is determined by physicochemical properties of the 

substance such as molecular weight, lipophilicity, charge, and shape (configuration). 

Since the diffusion coefficient is inversely proportional to the molecule size, smaller 

substances with spherical shape will diffuse more easily through the probe membrane 

than high molecular weight compounds.12,28 The recovery seems to be dependent also on 

the compound’s hydrophilicity and lipophilicity. The probe membranes are generally 

hydrophilic, which results in a better permeability to hydrophilic compounds.26 

Tissue physiology 

In an in vitro experiment, the major factor affecting the recovery is the membrane 

resistance, which is determined by the membrane length and radius. On the other hand, 

the in vivo recovery is affected by the tissue resistance to the drug diffusion.18 The 

geometry of the extracellular space, blood flow, metabolic rate, and the properties of the 

layers through which the substances diffuse interfere with the diffusion process through 

the tissue. Diffusion of hydrophilic substances, for example, will be impeded by 

impermeable structures and cell membrane (tissue tortuosity).5,9,13 Changes in the blood 

flow are believed to affect recovery by changing the tissue resistance to drug diffusion. 
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Depending on the capillary permeability of the drug, increase in the blood flow could 

increase recovery.16 Song and Lunte (1999) showed that the recovery of caffeine and 

acetaminophen in muscle decreased when the animal was submitted to a cardiac arrest. 

The authors showed that in tissues with a rapid extracellular fluid to plasma exchange, 

such as muscle, the recovery will depend more significantly on the tissue blood flow. 

The transport through the tissue will be the rate-limiting step determining the drug 

extraction by the MD probe. Biological factors that can affect the drug recovery are tissue 

tortuosity and volume fraction available for drug diffusion. Tissue tortuosity refers to the 

increased path length that a molecule has to pass through in order to reach the MD probe. 

The volume fraction refers to the restriction of the analyte to the extracellular fluid, 

which comprises 20% of the total volume. The combination of the increased path length 

and reduced volume fraction tends to lead to a reduced recovery.21 

The tissue tortuosity and extracellular volume can be affected by the ionic strength 

of the perfusate. Usually, the perfusate should have the same ionic composition of the 

extracellular fluid in the tissue of interest in order to avoid osmotic pressure effects and 

fluid loss either from the probe or from the tissue. However, it is not always possible to 

simulate the extracellular fluid. The effects of hypo and hyperosmotic solution in the 

recovery can be related to differences in the tissue osmotic pressure and extracellular 

volume fraction. A decrease in the extracellular volume will result in an increase in the 

tissue resistance and a decrease in the diffusion coefficient of the analyte in the tissue, 

which ends up affecting the drug recovery by the probe.16 This change in recovery occurs 

because the amount of analyte entering the probe is a function of the analyte mass 
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transport through the matrix (tissue structure or fluid), probe membrane, and 

perfusate.16,19 

Fortunately, under normal conditions, most of the factors affecting drug diffusion 

are believed to remain constant throughout the experiment. Thus, the net flux of the 

compound through the MD membrane can be assumed to be constant and determined 

only by the concentration gradient in both sides of the probe membrane.14 The biggest 

assumption here is that the recovery will not change during the experiment period despite 

any tissue reaction to the MD probe implantation.16 

The MD probe insertion can cause tissue edema, trauma, and a series of tissue 

responses such as increase in the tissue blood flow and glucose metabolism, release of 

inflammatory substances and cells, and rupture of membranes, for example, the blood 

brain barrier. Edema increases the extracellular fluid, resulting in decreased tissue 

resistance to the diffusion of molecules and, therefore, affecting the recovery.16 All these 

tissue alterations can change the drug concentration in the tissue and the recovery as well, 

leading to unreliable results. The trauma observed after probe insertion will depend on 

the target tissue location and on the local reaction to the insertion. 

The trauma caused by the probe implantation in the skin was investigated by Ault 

and co-workers (1994).30 In this study skin histology was performed at different time 

points after probe implantation. No alteration in the skin was observed immediately after 

probe implantation, suggesting no physical damage to the skin. However, an 

inflammatory response was first observed 6h after probe insertion.30 The trauma caused 

by the MD probe insertion in the liver was investigated by Davies and Lunte (1995).31 No 

inflammatory response was observed after implantation of a simple linear probe in the 
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liver up to 4h. After this period, a mild infiltration of inflammatory substances was 

observed with necrotic tissue being formed 8h after probe implantation. The rigid cannula 

probe showed more damage to the liver after probe implantation than did the other probe 

types tested.31 

Nevertheless, minimal histological changes of the brain have been observed two 

days after probe implantation. The probe implantation in the brain caused immediate 

changes in blood flow and glucose metabolism nearby the probe site. Formation of anti-

inflammatory substances was observed in the first hour after probe implantation. These 

brain changes were reversed to normal levels in an animal allowed to recover for 24h.13,15 

Tumor tissue showed no changes after MD probe insertion, while muscle showed 

some infiltration by inflammatory cells after 6h.32 More sensitive organs such as the brain 

will show a more severe reaction, and the time required to have the tissue back to its 

normal levels might be longer than for muscle. In general, a period of 30 to 60 minutes 

might be enough to decrease the trauma in skin and muscle while in brain it might take 

24h before starting the experiment.13,15,33 

Analytical Considerations 

The samples obtained from microdialysis usually have a small volume and low 

concentration of the analyte, which makes its analysis challenging.12 In some 

microdialysis experiments, as in brain microdialysis, a very slow flow rate as well as a 

short collection interval is required in order to have a good temporal resolution and be 

able to detect biological changes. The temporal resolution will depend on the sensitivity 

of the analytical method available. The sample concentration can be increased by 

decreasing the flow rate; however this will result in smaller sample volumes. Increasing 

the collection interval can increase the sample volume, but this will result in loss of 
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temporal resolution. Therefore, the trade off among perfusate flow rate, recovery, sample 

volume and concentration, and detection limit of the assay will dictate the temporal 

resolution that can be achieved in the experiment.5 

Several analytical methods have been applied to analyze microdialysis samples, 

such as radioimmunoassay;34 capillary electrophoresis;35-37 and liquid chromatography 

connected to different detectors such as UV,38,39 fluorescence,40,41 electrochemical,42,43 

and mass spectroscopy.44-46 The advantage and disadvantage of each method as well as its 

application in microdialysis been discussed in the literature.47 

Microdialysis in Pharmacokinetics 

Microdialysis (MD) was first applied to study the pharmacokinetics (PK) and drug 

penetration of compounds in the brain. However, this technique has opened new 

possibilities to study pharmacokinetic and pharmacodynamic processes in different 

tissues. There are many MD features that make this technique interesting to be applied in 

PK studies.  

MD provides a clean sample, which is protein free. Because of the membrane 

porosity and cut-off, large molecules such as proteins cannot get through the membrane, 

which results in a process of purification of the samples. Generally, microdialysis 

provides samples that can be directly analyzed, with no need of processing it before 

injecting into the analysis system.  

The perfusate used in the MD process usually mimics the ECF fluid composition. 

Because of this similarity, no fluid exchange between the tissue and probe occurs during 

sampling. Besides, the constant flow inside the MD probe allows continuously sampling 

from the extracellular fluid (ECF). As a result, there is no limitation in the number of 

samples that can be taken by MD. The lack of fluid loss during the MD process makes it 



21 

 

possible to sample from different organs at the same time by using multiple probes, 

which provides the ability of simultaneously monitoring pharmacokinetics of compounds 

at different sites. 

The slow flow inside the probe and the similarity of the perfusate to the ECF results 

in minimal perturbation of the environment surrounding the probe membrane. Therefore, 

sampling is can occur under physiological conditions.12,13,25,48 

MD can be performed in awake animals, therefore each animal can be used as its 

own control in a cross over design, decreasing inter-animal variability and reducing the 

number of animal required to conduct a study. Sampling by microdialysis reduces the 

stress to the animal and also promotes fewer changes in physiological conditions of the 

animal, which contributes to the decrease in the data variability. This design allows also 

to determine pharmacokinetics following chronic drug administration, to study dose 

dependence of PK parameters, and to determine drug interactions, all in the same 

animal.12,13,48,49 

One big feature of MD is that it allows determining the free drug concentration in 

the tissue, which is very important if one considers that only the free drug concentration 

is pharmacologically active. Because of the membrane cut off, only the free drug present 

in the tissue will be able to cross the probe membrane. Free tissue levels can be 

determined by microdialysis by dividing the concentration measured in the dialysate by 

the recovery obtained during the probe calibration.  

Microdialysate samples are collected over a time interval in a continuous process. 

The dialysate concentration obtained represents the concentration at the mid-point of the 

collection interval, assuming that the concentration in the probe surrounding is 
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homogeneous. The MD profile should never be represented on time-axis by the end or 

the starting point of the sampling interval, since the profile will be distorted. For non-

compartmental PK analysis, correlating the collection mid point to the concentration is 

considered a valid approach if the sampling interval is shorter than the drug half life. 

Calculation of the slopes and half life is then similar to standard methods. However, 

adjustments are necessary when the absorption or elimination half life is shorter than the 

collection time.29,48,50,51 

The calculation of the area under the curve (AUC) for a microdialysis profile may 

be more accurate than for plasma profile. The AUC, usually calculated by the trapezoidal 

rule for plasma samples, is calculated by simply multiplying the measured microdialysate 

concentration by the collection interval (Equation 2-3).50 The same approach should be 

used to calculate the area under the first moment curve (AUMC). The other parameters 

calculated in a non-compartmental approach such as clearance, volume of distribution, 

and elimination half life can be calculated with standard equations.13,29,52  

iit tCAUC ∑ ∆⋅=→0    (Equation 2-3) 

where AUC0→t is the area under the concentration versus time curve; Ci is the 

concentration of the extracellular fluid at the ith sample; ∆ti is the collection interval for 

the ith sample. 

Other PK parameters that can be affected by microdialysis are the maximum 

concentration obtained (Cmax) and the time to reach this concentration (tmax). The 

determination of both parameters in blood is dependent on sampling frequency. Because 

MD is a continuous process, the determination of these parameters is dependent on the 
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collection interval. Long collection interval will result in loss of temporal resolution and, 

therefore, it can mask the real Cmax and tmax.13,29 

Applications 

Microdialysis has been used to study drug free levels in different tissues, such as 

muscle, adipose tissue, lung, eye, skin, brain, bile, and blood.53,54 MD is an established 

technique used to study physiological, pharmacological, and pathological changes of 

wide low molecular weight substances in the extracellular space of different tissues, in 

pre clinical and clinical studies. Amongst the exogenous drugs studied by MD are 

antibiotics, anti-inflammatory, anti-tumor, and psychoactive compounds. Extensive 

reviews in MD in PK can be found in the literature.5,13,49,52,54-58 

Initially MD was used to investigate drug penetration into the brain, since it allows 

one to determine drug levels in both sides of a membrane, in this case the blood brain 

barrier (BBB). Because of the BBB, many drugs are unable to penetrate into the brain. 

Drug transport through the BBB is dependent on the drug’s physico-chemical 

characteristics such as lipophilicity, ionization and pH. Penetration across the BBB under 

physiological and disease conditions can be assessed by the use of microdialysis. The 

microdialysis probe is implanted into a specific zone in the brain by the use of stereotaxic 

equipment and a guide cannula, which is used to keep the probe in place. By measuring 

the free drug in the brain and the total or free drug in the blood it is possible to determine 

the extent of drug penetration into the brain as well as the mechanisms involved in the 

restricted drug penetration into this organ.59,60  

Brain ECF and blood profiles determined by MD have shown to have the same half 

life and a similar tmax for many drugs. It is expected that hydrophilic drugs would have a 

longer equilibration time between brain and blood than lipophilic drugs, which would 
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result in a higher tmax and longer half life for these compounds. The rate of equilibration 

is determined by the perfusion rate and by the distribution of the drug into the brain. 

Despite the equilibration time, many drugs were shown to have a lower free level in the 

brain when compared to free levels in the blood. However, some lipophilic drugs showed 

similar free levels in both tissues.61. 

The brain distribution of codeine in rats was studied by Xie and co-workers (1998) 

in a cross over design. In this study, microdialysis was used to study the free drug levels 

in blood and brain after intravenous infusion of two codeine doses. They found that 

codeine freely distributes into the brain, reaching equal free levels in blood and brain for 

both doses studied.60  

MD has also been used to study drug penetration into brain tumor.62 Tumors are 

distinct tissues with specific physiological characteristic. Brain tumors are difficult to 

treat not only because of the tumor physiology but also because of the BBB, which 

represents a real barrier to drug penetration. Dukic and co-workers (1999) have studied 

the PK profile of methotraxate in the extracellular fluid of brain tumors in rats by using 

MD. C6 glioma cells were used to induce brain tumor. ECF levels in the tumor were 

measured by MD and compared to total and free blood levels. The results showed that 

methotrexate rapidly equilibrates into the tumor, but the free levels were only 1-2% of 

those measured in blood. The difference was attributed to the influx or efflux clearances 

of the compound from the brain.63 On the other hand, methotrexate free levels in healthy 

peripheral tissues such as muscle and liver showed to be similar to the free plasma levels 

when at steady state.64 
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The influx and efflux of compounds from brain can also be determined by the use 

of microdialysis. The kinetics of 6-mercaptopurine into the brain was studied by Deguchi 

and co-workers (2000).59 MD was used to measure 6-mercaptopurine free levels in brain 

after intravenous infusion of a 0.4 mg/kg/min dose. The drug free concentrations in brain 

obtained by MD were 0.4 times lower than the free concentration in plasma, showing the 

restricted distribution of this compound in the brain. In order to determine if the 

difference was caused by the influx or efflux pumps, the drug clearance in and out of the 

brain was determined. Pharmacokinetic analysis of the data using a two compartment 

single membrane model revealed that the clearance out of the brain was almost 20 times 

higher than the clearance into the brain. The authors concluded that the distribution of 6-

mercaptopurine in brain is in fact restricted by efflux clearance.  

In order to further understand the efflux transport of 6-mercaptopurine across BBB, 

probenecid (organic anion channel inhibitor) and benzoate (monocarboxylic acid 

transport inhibitor) were administered by the MD probe, concomitantly with an 

intravenous administration of 6-mercaptopurine. The inhibition of these two efflux 

pumps increased the dialysate levels of 6-mercaptopurine, indicating an accumulation of 

the compound into the brain. In conclusion, it seems that these two transport systems are 

involved in the clearance of 6-mercaptopurine from the brain.59 

Hammarlund-Udenaes and co-workers (1997) derived a theoretical model to 

describe the brain profile and the equilibration between blood and brain in terms of the 

influx and efflux transport of drugs in the brain and used the data obtained by MD to 

validate the model. The model consisted of a one compartment body compartment and 

one brain compartment (Figure 2-5). The model assumptions were that the volume of 
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brain is 1% of central compartment volume; blood concentration is the driving force for 

brain concentration; and the uptake or elimination from the brain did not influenced the 

blood profile. The equations describing the model are shown below (Equation 2-5 and 2-

6).  

brainuoutblooduin
brainu

brain CClCCl
dt

dC
V ,,

, ⋅−⋅=⋅   (Equation 2.-5) 

bloodu
bloodu CClR

dt
dC

V ,inf
, ⋅−=⋅     (Equation 2-6) 

where Vbrain and V are the apparent volumes of distribution of the free drug in the brain 

and body, respectively; Cu,blood is the free concentrations in the blood; Cu,brain is the free 

concentrations in the brain; CLin and CLout are the diffusional clearances in and out of the 

brain; CL is the clearance out of the body; and Rinf is the infusion rate constant. 

The clearance in (Clin) and clearance out (Clout) of the brain were simulated 

considering three situations: passive influx and efflux from brain; active transport into the 

brain; and active transport out of the brain. The active transport was characterized using 

Michaelis-Menten equation. With this approach, the authors were able to determine 

situations where the drug concentration and half life in the brain were dependent on the 

intake or elimination from the brain.  In conclusion, the ability of the drug to cross the 

BBB is dependent on Clin, but the half life in brain is determined by Clout.61  

The model was then applied to explain brain profiles of different drugs obtained by 

MD that are reported in the literature. The simulations combined with MD data showed 

that an active transport across the BBB is present for most of the drugs. As many drugs 

show a half life in brain similar to the blood half life, it seems that the elimination rate 

constant from the brain is much bigger than the elimination rate constant from the blood. 
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For all drug tested, MD showed that equilibration between brain and blood occurs 

rapidly, which makes blood levels a strong predictor of brain levels.  

 
Figure 2-5: Theoretical model used to describe blood and brain concentrations (Cu,blood: 

free concentrations in the blood; Cu,brain: free concentrations in the brain; CLin 
and CLout: diffusional clearances in and out of the brain; CL: clearance out of 
the body).61 

The study of pharmacodynamic effects of drug in the brain is also possible by 

applying MD. The effect of a systemically administered compound on extracellular levels 

of neurochemicals such as dopamine, acetylcholine and glutamate, can be determined by 

MD.65 Brain microdialysis has been helpful in studying specific neurochemical reactions 

in the brain. The release of catecholamines and amino acids has also been studied during 

brain injury and trauma, ischemia, seizures, and encephalopathy, by applying 

microdialysis.15,66 Extensive reviews on brain microdialysis can be found in the 

literature.65,67,68 

Besides the extensive use of MD in brain studies, it has also been used to 

investigate drug levels in peripheral tissues.54 One class of compounds that have been 

extensively studied by MD is antibiotics. The selection of an antimicrobial agent and 

dose regimen to treat an infection is usually based on the minimum inhibitory 

concentrations (MIC) and on serum levels. However, this approach may only be valid for 

cases where the central compartment is the main infection site. Nevertheless, for 

infections in peripheral compartments, the PK profile in the tissue determines the clinical 

outcome of antimicrobial therapy. The antibiotic levels in the tissue have been estimated 
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by extrapolation from algorithms based on plasma levels. However, the algorithm 

assumes that the free levels in the central and peripheral compartments are equal. The 

direct measurements of free levels in interstitial space of peripheral tissues could provide 

a more appropriate approach to treat infections, since it would allow to determine the 

compound’s distribution kinetics and could also reveal if free levels in both 

compartments are identical or not. The comparison of values obtained by MD with 

classical blood sampling provides a mean to evaluate whether or not plasma values would 

be sufficient to predict tissue levels. 

MD is a technique that allows determining free levels at the site of action and, 

therefore, can help to establish a more efficacious therapeutics. By using MD, a free 

profile in the infection site can be obtained. If the AUC of the profile obtained in the 

tissue (AUCtissue,free) is compared to the free profile in the central compartment or plasma 

(AUCplasma,free) , the compound’s penetration into the site can be estimated. MD has been 

used to study the penetration of antibiotics such as gentamicin,69 cephalosporin,55,70,71 

macrolides,55,71 penicillin,6,55,71,72 and quinolones55,71,73-75 into various tissues. It was 

observed that the free concentration of some antibiotics in a healthy tissue is less than the 

free concentration in plasma, as for fleroxacin, dirithromycin,71 cefaclor,76 and 

cefpodoxime.70 Therefore, an overestimation of the free concentrations in the tissue 

occurs when plasma levels are used to estimate the concentration of these antibiotics, 

which could lead to the development of bacterial resistance. On the other hand, 

piperacillin have shown to have similar free levels in muscle and plasma in healthy 

animals.77 
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However, the antibiotic distribution in ill patients, as in the case of surgery, septic 

shock, and inflammation, can be affected by tissue alterations that occur in these 

situations, such as changes in the hemodynamics, capillary permeability and extracellular 

space volume. The distribution of antibiotics in ill patients has been studied by Joukhadar 

and co-workers (2001). When the concentrations of piperacillin in muscle and adipose 

interstitial space of healthy subjects and patients with septic shock were compared, a 5 to 

10 fold lower penetration was observed for both tissues in patients with septic shock. The 

tissue concentrations observed were below the MIC observed for an infective bacterium 

such as Staphylococcus aureus.6 The authors attributed this difference to a decreased in 

the blood flow and peripheral tissue perfusion observed in patients with septic shock. 

Despite the lower penetration (AUCtissue,free/AUCplasma,free), the piperacillin half life in 

patients was longer for all tissues studies. The longer half life could cause the antibiotic 

to stay longer at the infection site, resulting in longer times above the MIC. Since for 

beta-lactams the time above the MIC is the predictive parameters for clinical outcome, 

the higher half life could compensate for the observed low target concentrations. 

Another study performed with post operative and intensive care patients showed a 

similar result. Piperacillin penetration in muscle and subcutaneous tissues was lower in 

patients than in healthy volunteers. The concentrations obtained for patient were below 

the MIC of strains with MIC50>20 mg/l. However, the half life in both tissues was longer 

for patients than for healthy subjects.72 The tissue PK parameters obtained in this study 

were used to simulate the antimicrobial effect of piperacillin in time kill curves 

experiments. The in vitro simulation showed that effective killing was reached when the 

PK parameters of the patients were used, despite the observed low concentrations.78 
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Other studies using MD to study antibiotic distribution in healthy and ill subjects 

can be found in the literature.73-75 

MD is also useful in studying the disposition of anticancer agents and their 

metabolites in tumors.56,58,62 Tumors represent an especially important therapeutic target 

and one for which blood sampling may not provide particularly suitable information with 

respect to target tissue concentration. The pathophysiological characteristics of a tumor 

represent a barrier for the delivery and effectiveness of cytotoxic therapy, which might 

lead to subtherapeutic levels and, consequently, treatment failure.56 Physiological barriers 

that develop during tumor formation compromise local vessels, altering blood flow, 

vessel organization (dimension and path length), resistance, and permeability. The 

interstitial space composition, volume, and pressure are also different in a tumor, which 

consequently affects molecule diffusion and convection through the extracellular space of 

a tumor.79 Therefore, a better predictor of anticancer effects would be the direct 

measurement of drug levels and exposure on tumor tissue. Information regarding the 

disposition and metabolism of anticancer drugs in solid tumors may in part explain the 

variability in tumor response and toxicity. 

The use of MD in tumor tissues would allow not only investigating the drug PK 

and metabolism, but also studying the effect of multidrug resistance protein and 

angiogenesis inhibitors on an anticancer drug. The drug transfer process from the blood 

to the interstitial space of a tumor is considered a critical step in clinical resistance of 

tumors. The interstitial space represents the compartment of immediate contact with 

tumor cells, and drug concentration in this space is related to the anticancer effect. MD is 
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a technique that allows sampling from the interstitial space, and, therefore, would allow 

the estimation of tumor exposure to anticancer drugs. 

The PK of anticancer drugs such as cisplatin and carboplatin;80 5-fluoracil; 81 and 

methotrexate63,82 in the tumor interstitial fluid was investigated by MD. For all these 

compounds, a difference in the free serum concentration and the free tumor concentration 

obtained by MD was observed. The results obtained in the platinum study showed a high 

variability in the drug penetration into the induced subcutaneous breast tumor, with an 

average AUCtumor/AUCplasma ratio of 0.62 and 0.82 for cisplatin and carboplatin, 

respectively.80 The variability in the results is attributed to the tumor heterogeneity, 

including differences in vascularity, density, and tortuosity, which end up affecting drug 

distribution into the infected tissue. The methrotexate study showed higher free levels in 

the femur fibrous histiocytoma than in the blood, which was attributed to the tumor 

physiology such as vascularization and necrosis.82  

The methotrexate distribution inside a tumor was also investigated by MD in an 

animal model.83 Ekstrom and co-workers (1997) implanted two MD probes in a 

subcutaneous osteosarcom xenograph, one in the periphery and another in the center of 

the tumor, and measure methotrexate levels at both sites simultaneously after its 

intravenous infusion. Methotrexate concentrations at the central part were significantly 

lower than the concentration measured at the periphery of the tumor. After the infusion 

was stopped, the situation inverted, with higher levels observed in the central part of the 

tumor (Figure 2-6). The difference in methotrexate levels were attributed to a higher 

degree of vascularity in the peripheral region of a tumor, which allows drug distribution 

and elimination to occur more rapidly, and to a higher protein binding in the central 
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region of the tumor. The study not only shows the difference in distribution inside the 

tumor, but also demonstrates that the drug efflux from a tumor can be influenced by 

angiogenesis and necrosis through the tumor. However, the AUC0-6 calculated for the 

central and peripheral region showed no significant difference, which might indicate a 

similar exposure level of both areas to methotrexate. 

 
Figure 2-6: Methotrexate dialysate concentrations in blood and central and peripheral 

regions of osteosarcom xenographs in rats obtained after intravenous infusion 
of a 37.5 mg/kg/3h dose.83 

MD has also been used to investigate anticancer distribution into the tumor when it 

is administered in combination with angiogenesis inhibitors. Angiogenesis is a process 

wherein endothelial cells divide and migrate to form new blood vessels. This process is 

required for solid tumors to grow and metastasize. Combination of anticancer drug with 

angiogenesis inhibitors represents a new therapeutic strategy in cancer, which target 

tumor cell and endothelial cells or the process of angiogenesis. However, angiogenesis 

inhibitors can also cause a decrease in capillary permeability and, therefore, decreasing 

the anticancer agent distribution into the tumor.62  
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The effect of the angiogenesis inhibitor TNP-470 on the tumor distribution of the 

anticancer drug temozolomide was investigated by Devineni and co-workers (1996).84 

Rats implanted with C6 glioma cells received TNP-470 for 14 days previous to the 

temozolomide administration. Following the treatment, a linear MD probe was inserted 

into the tumor and temozolomide (40 mg/kg) was administered intraarterially. The 

temozolomide AUC obtained by MD showed a 25% decrease for the treated group in 

comparison to the control group, which did not receive the angiogenesis inhibitor.  

Another area of application of microdialysis is in transdermal studies. Transdermal 

delivery systems have many advantages over other dosage forms. Basically, it allows 

controlling the drug delivery for a longer period of time; stopping administration at any 

time; and improving the dose administrated by modifying the properties of the biological 

barrier. The topical administration of drugs shows decreased fluctuation in the plasma 

concentration, which is important for drugs with a narrow therapeutic window. It is also 

an alternative to improve patient compliance to drugs with a short elimination half-life.85 

Furthermore, when systemic levels are related to side effects and a local or topical effect 

is desired, the administration through the skin allows obtaining a high concentration at 

the site of action, but still a low systemic concentration avoiding side effects.  

To establish the validity of transdermal drug therapy, it is required convincing 

documentation and results that show that transdermal absorption occurs in amounts 

sufficient to achieve therapeutics levels in the target tissue. Information on transdermal 

delivery and skin concentrations was obtained from in vitro delivery studies or in vivo by 

biopsies, suction blisters, or skin stripping methods.28 However, these in vivo methods 

cannot provide a full profile and are too traumatic to be used in disease skin. The 
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measurement of plasma levels after transdermal application is acceptable to determine the 

efficacy of transdermal systems when a systemic effect is desired. Nevertheless, when a 

local effect is the objective, it would be ideal to measure drug concentrations in the 

stratum corneum or dermis, because blood concentrations could be undetectable or not 

relevant.86,87  

MD allows sampling from a very superficial layer such as the stratum corneum 

(SC) and other layers of the skin. One or more MD probes can be inserted in the skin at 

different depths and the transdermal delivery system can be applied right above the probe 

window (Figure 2-7). As the drug is released from the system, it gets in contact with the 

skin and starts to move down the skin layers till it reaches the probe membrane and is 

sampled by the MD system. The advantage of using this technique in evaluation of skin 

penetration is the possibility of obtaining a full concentration drug profile in the SC under 

the same area of drug application. So, variations in penetration due to differences in skin 

characteristics are eliminated. In addition, this method is suitable for measuring SC 

concentrations at the same site after multiple dose administration, and it is suitable to 

measure penetration depth of a compound beyond the SC.88,89  

 
Figure 2-7: Illustration of microdialysis procedure used for the determination of the 

transdermal delivery of drug.1 
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Because topical products deliver the drug directly to or near the intended site of 

action, measurement of the drug uptake into and its elimination from the SC by applying 

MD can provide a way of assessing tissue exposure to topical drug products. Even when 

the target site is not the SC, the drug still has to pass through the SC, the rate limiting step 

in transdermal absorption, to reach the biophase and have action. Therefore, SC 

concentration profiles are assumed to be directly related to the concentration-time 

profiles of the active substance in the epidermis and dermis.87 Müller and co-workers 

(1997) showed the role of the SC as a rate-limiting step in transdermal absorption by 

using MD. In this study, two MD probes were inserted in the volunteer thigh, one under 

the corium and another right below the first probe, in the deep subcutaneous layer. After 

topical administration of diclofenac, no penetration into the deeper tissues was observed 

if the drug concentration in the more superficial probe was undetectable.90 

The position of the MD probe in the skin or the probe depth should be determined 

when performing a transdermal MD study. If the position is not reproducible, it could be 

the reason for some variability observed in the result.89 The probe depth in transdermal 

studies has been reported to be in a range of 0.3 - 11.7 mm.89,90 Another variability of the 

results could be caused by the position of the drug delivery device or the application area 

relative to the probe window. A small displacement between the MD probe and the 

application area could cause changes in the recovery.89 

Determination of the probe depth not only contributes to justify variability in the 

results, but also introduces another dimension in transdermal microdialysis. The 

penetration depth of nicotine after topical administration was investigated by applying 

MD. A MD probe was inserted in the skin of volunteers and the probe depth was 
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measured by high frequency ultrasound. Nicotine was administered as a transdermal 

system (21 mg/24 hr) and MD samples were collected at specific time points. The 

nicotine profiles obtained by MD were grouped according to the probe depth (Figure 2-

8). It could be observed that deeper layers were less exposed to nicotine. A positive 

correlation between the AUC in the skin and the probe depth was obtained.1 MD not only 

permitted to determine the penetration depth of nicotine through the skin, but also 

allowed to determine when steady sate flux was attained in the different skin layers. 

(A) (B) 
Figure 2-8: Application of microdialysis in transdermal studies. (A) Nicotine skin 

penetration after topical administration of a transdermal delivery system of 
21mg/24h. (B) Correlation between the AUC obtained for different skin layers 
and the probe depth.1 

One big feature of MD in transdermal studies is the possibility of studying drug 

absorption through the skin when different application devices such as iontophoresis are 

used to deliver the compound. Iontophoresis is a delivery system that uses current to 

facilitate the introduction of charged substances into the skin. It also enhances the 

delivery of uncharged solutes by the process of electro-osmosis, where the electrically 

driven water molecules act as a carrier for neutral molecules. Iontophoresis has the 

advantages of a transdermal system and, in addition, facilitates the delivery of 

compounds that cannot be delivered passively.91 It has been successfully used to deliver 

drug molecules such as propanolol89 and proteins91. 
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The effective delivery of propanolol through the skin by iontophoresis was 

investigated by MD. Two linear microdialysis probes were inserted in parallel in the 

forearm skin (1mm deep) of volunteers, one probe received the drug by iontophoresis and 

another probe was used as a control site, where no current was applied. The iontophoretic 

chamber containing the drug was placed right above the probe window and a 2mA 

current was applied for two periods of 1 hour. Despite the observed variability in the 

data, the average profile obtained by MD clearly shows two peaks correspondent to the 

two doses applied (Figure 2-9).89 

 
Figure 2-9: Propanolol concentration in the dermis after iontophoretic administration of 

two doses, obtained by microdialysis.89 

The process of iontophoresis per se can cause alterations in the skin structure such 

as blood supply, enzyme activity, and pH. It also causes some tingling sensation, 

irritation, and erythema.91 These alterations could affect the process of microdialysis, 

affecting drug recovery throughout the experiment. The effect of changes in blood flow 

after iontophoresis on the recovery of sodium fluorescein was investigated by Stagni and 

co-workers.10 The iontophoresis current increased in more than 500% the skin blood flow 

measured by laser Doppler flowmetry. However, the recovery of sodium fluorescein 

determined by retrodialysis was the same with or without current. This study shows that 
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the electrical current applied has no effect on the recovery of this compound despite the 

observed changes in blood flow.10 

The effect of other skin perturbations such as irritation and delipidization in the 

absorption of drugs applied topically can also be investigated by MD. The skin 

permeability changes as the skin is exposed to the compound and formulation, either due 

to the healing process of the disease or due to changes in skin characteristics, as water 

and lipid content and thickness. Removal of skin layers by the popular tape stripping 

method or the dermatitis promoted by applying sodium lauryl sulfate caused an increase 

in the absorption of salycilic acid of more than 80 fold when compared to normal 

skin.92,93 The study not only shows how changes in the skin due to diseases or drug 

formulation can affect drug absorption through the skin, but also demonstrates how 

feasible MD is to study transdermal delivery of compounds under disease conditions. 

The bioequivalence (BE) of topical compounds is another area of application of 

MD.94 The onset, duration, and magnitude of action of topical drug products depend on 

the release of the drug from the dosage form, its penetration through the skin barrier, and 

the generation of the desired pharmacological effect. Because topical products deliver the 

drug directly to or near the intended site of action, measurement of the drug uptake into 

and its elimination from the SC can provide a way of assessing BE of topical drug 

products. Two topical formulations that produce comparable SC concentration profiles 

may be equivalent, just as two oral formulations are judged bioequivalent if they produce 

comparable plasma concentration profiles, especially if one considers that the SC is the 

rate limiting step for drug absorption.95 Formulation with different levels of penetration 
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enhancers showed an increase in the transdermal delivery of cyclosporine96 and 

valproate,97 as observed by a transdermal MD study. 

Transdermal MD has also been used to determine the transdermal penetration of 

other compounds such as diclofenac after single and multiple administration;88,90,98 

methotrexate;99 of valproate;97 ciclosporin; 96 5-fluorouracil;30 ibuprofen;100 and 

ketonazole and miconazole.101  

Large molecules 

In order to apply MD to study large molecular weight compounds, some 

modifications in the technique are necessary. Large or lipophilic compounds show a 

lower diffusion coefficient due to a greater mass transport resistance, which will result in 

a decreased recovery for these type of compounds. In order to improve recovery, the 

probe membrane with higher cut off should be used to facilitate the diffusion of larger 

molecules through it. However, a recovery of only 1-5% has been observed for 10kDa or 

larger proteins when a membrane with a cut off of 100kDa was used. Membranes with 

larger cut off such as 300 kDa gave a recovery of 30% for interleukins.102 On the other 

hand, higher membrane cut off would allow other interferences present in the matrix to 

pass through the membrane, resulting in a dirty sample, which would require some 

preparation before analysis. 

Another way of improving drug recovery would be using a perfusate with better 

affinity for the compound. The drug affinity or solubility for the perfusate can be 

improved by adding albumin,103 cyclodextrines104 or any other compound that has some 

binding affinity for the drug. Ao and co-workers (2004) enhanced the recovery of 

cytokines (tumor necrosis factor and interleukins) by adding a antibody coated 

microspheres to the perfusate.102 The moment the cytokines diffuses through the probe 
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membrane, they will get in contact to the antibodies present in the perfusate and will 

rapidly bind to it. Because of the high affinity of this binding, the cytokines will be 

trapped inside the probe lumen and will be carried away by the flow (Figure 2-10). The 

presence of these antibodies caused the cytokine concentration inside the probe to be 

almost zero, increasing the diffusive driving force across the membrane (concentration 

gradient), which resulted in a four to twelve fold increase in the recovery.  

 
Figure 2-10: Schematic representation of conventional microdialysis and the 

microdialysis with antibody coated beads added to the perfusate.102 

However, the modifications mentioned above, increased membrane pore size and a 

modified perfusion fluid, permit fluid loss from the probe, which ends up affecting the 

tissue physiology and drug recovery. In order to overcome the fluid loss, the osmotic 

pressure between perfusate and ECF can be compensated by adding serum albumin or 

dextran-70 to the perfusate.102,103 

Another factor interfering with the microdialysis of large molecules is the binding 

of these compounds to the probe tubing and membranes. This phenomenon has been 

observed for the neuropeptides β-endorphin, neurotensin, and neuropeptide Y (NPY). 

The recovery of NPY showed to be very small, below 2%, due to binding of the peptide 
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to the membrane.105 However, by adding 0.5% human serum albumin to the perfusate, it 

was possible to increase its in vitro recovery up to 13 to 16%.106  

MD has been used to study the release of neuropeptides in muscle;106 skin;107 and 

brain.108,109 The effect of typical (haloperidol) and atypical (risperidone) antipsychotic 

drugs on the release of NPY in the brain was investigated by MD. NPY is a 36-amino 

acid peptide widely distributed in the central and peripheral nervous system, which is 

believed to play a role in schizophrenia. The chronic treatment with haloperidol and 

risperidone resulted in a decreased NPY levels in the striatum. Haloperidol also increased 

NPY levels in the hypothalamus and occipital cortex. The results show the dopaminergic 

regulation of NPY and its region dependency.109 

The use of MD to study other proteins and peptides can be found in the 

literature.110-112 

Other Applications  

Besides the well established use in pharmacokinetics (PK), MD has also been used 

in pharmacodynamic (PD) and PK/PD studies.113 The drug effect can be determined by 

MD as well by evaluating drug induced versus basal concentrations of a substance or 

biomarker. The effect of theophylline and milrinone on phosphodiesterase activity in the 

muscle, determined by measuring cAMP levels, was investigated by applying MD. A 

MD probe was used to simultaneously sample drug and cAMP from the muscle. The free 

drug concentration obtained was directly correlated to the effect. Milrinone showed to 

increase cAMP level, or decrease the phosphodiesterase activity, in a concentration 

dependent manner. On the other hand, the theophylline free levels attained in the muscle 

did not show any effect on the enzyme.114 
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Morphine brain levels obtained by MD and blood levels were correlated to its 

nocceptive effect in rats. The concentration-effect curve showed a hysteresis with an 

effect delay of 5 and 32 min for brain and blood levels, respectively. The study shows 

that the effect delay observed for morphine is significantly affected by the drug transport 

across the blood brain barrier.115 

The concentrations measured by MD at the effect site were used to simulate the 

pharmacodynamic effect in vitro. PK/in vitro PD correlations were performed for 

anticancer drugs such as methotrexate and 5-FU.56 The same approach has been used to 

antibiotics, such as piperacillin, where concentrations of the extracellular space obtained 

by MD were used to simulate the antibiotic effect by time kill curve.78 A better 

correlation between concentration and effect can be found when levels at the effect site 

are used to simulate the pharmacodynamic effect. Therefore, the success and failure in 

therapy may be explained in the variability in the interstitial concentrations.  

In conclusion, microdialysis is a versatile technique that can be used to study drug 

delivery to the target tissue. The data obtained by MD can be used to differentiate 

between insufficient target site concentrations or pharmacodynamic unresponsiveness 

and to help establishing a more effective therapeutic.  
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CHAPTER 3 
IN VITRO MICRODIALYSIS OF DOCETAXEL 

Introduction 

The feasibility of doing microdialysis of different compounds depends significantly 

on the physical chemical characteristics of the compound. Lipophilic as well as high 

molecular weight compounds are less likely to diffuse through the probe membrane and, 

therefore, may not be feasible for microdialysis.116 Since the diffusion through the 

microdialysis membrane follows Fick’s law, factors as partition coefficient and surface 

area of the compound will affect the drug permeability through the membrane.11,116 

Molecules with high molecular weight tend to have a lower diffusion coefficient through 

the dialysis membrane, which results in a decreased recovery.116 Low recoveries 

observed for lipophilic compounds are also attributed to the solubility of the compound in 

the hydrophilic perfusate media, nonspecific binding to the probe, and high protein 

binding.116,117 

Docetaxel (Figure 3-1) is a semi synthetic analog of paclitaxel. Its chemical 

structure is composed of a bulky, extended fused ring with several hydrophobic 

substitutes that provide its lipophilicity and poor water solubility (logP= 3, MW= 

807.9).118,119 It is an anticancer drug indicated in the treatment of breast, ovarian, and 

non-small-cell lung. The possibility of using microdialysis to study the distribution 

profile of this compound would allow one to investigate the drug distribution into a tumor 

tissue, which has different physiological characteristics, and, therefore, make predictions 

about its effect.  
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Figure 3-1: Docetaxel chemical structure. 

Therefore, it was the objective of this study to investigate the feasibility of doing 

microdialysis of docetaxel, a very lipophilic compound, by determining the in vitro 

recovery of this compound by the microdialysis probe. 

Material and Methods 

Chemicals  

The docetaxel reference standard was obtained from Aventis. Paclitaxel was 

purchased from Sigma-Aldrich. Both compounds were stored at 4ºC in amber container. 

All the solvents were of HPLC grade. Lactated Ringer’s solution USP were purchased 

from Abbott and used in the microdialysis experiments. 

Standard Solutions  

A stock solution of 100.0 µg/ml of docetaxel in methanol (stock solution A) was 

used to prepare the standard curve and quality controls (QC) in lactated Ringer’s solution 

for analysis of the microdialysis samples. The stock solution A was divided into small 

tubes and stored at –20ºC when not in use. The standards for the calibration curve were 

prepared by diluting the stock solution A with Lactated Ringer’s solution to obtain the 

concentration of 10.0 µg/ml. This solution was further diluted with lactated Ringer’s 

solution in order to achieve the following final concentrations: 0.5, 1.0, 3.0, 5.0, and 7.0 

µg/ml. The QC standards were prepared by diluting stock solution A with lactated 



45 

 

Ringer’s solution in order to obtain the final concentrations of 0.8 (QC1), 4.0 (QC2), and 

9.0 µg/ml (QC3). 

Plasma Preparation 

A stock solution of 1 mg/ml of docetaxel in methanol (stock solution B) was used 

to spike blank human plasma and prepare the standard curve and QCs in plasma for the 

analysis of the plasma samples from the no-net-flux experiment. The stock solution B 

was stored at –20ºC when not in use. The standards for the calibration curve were 

prepared by diluting the stock solution B with plasma to get the concentration of 100.0 

µg/ml (stock solution B1). This plasma solution was further diluted with plasma to 

achieve the following final concentrations: 10, 25, 50, and 75 µg/ml. The QC standards 

were prepared by making another dilution of the stock solution B with plasma to get the 

concentration of 100.0 µg/ml (stock solution B2). The stock solution B2 was further 

diluted with plasma in order to obtain the final concentrations of 15.0, 35.0, and 60.0 

µg/ml (QC1, QC2, and QC3, respectively). 

The plasma used in the microdialysis experiment (no-net-flux) was prepared by 

spiking plasma with the docetaxel stock solution B to obtain the final total concentration 

of 62.5 µg/ml. 

Solid Phase Extraction (SPE) 

The plasma standards were extracted by solid phase extraction (SPE). A 50-µl 

aliquot of internal standard (IS) paclitaxel (50 mg/l of methanol) was added to 200 µl of 

human plasma spiked with docetaxel standard as described above. The plasma was 

diluted with 1 ml of acetonitrile:water (30:70) solution. The solution was vortex and 

centrifuged at 3500 rpm for 15 min. 1 ml of the supernatant was used in the extraction. 
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The SPE column was conditioned with two 1.5-ml aliquot of acetonitrile followed 

by two 1.5-ml aliquot of water. The plasma was then added to the SPE column. 

Afterward, the columns were washed with two 1.5-ml aliquots of water. Docetaxel and 

the IS were eluted twice from the column with 2 ml of acetonitrile. The acetonitrile 

solution eluted from the column was evaporated to dryness by vacuum. The dried 

residues were reconstituted with 200 µl of mobile phase and a volume of 25 µl was 

injected into the HPLC system described. 

HPLC System 

The standard solutions and QCs prepared in lactated Ringer’s solution and the 

microdialysis samples were analyzed by a HPLC system consisted of a ConstaMetric 

IIIG LDC pump, a spectromonitor LDC analytical 3200 set to 225 nm, a HP 3396 

integrator, and a Perkin Elmer Serie 200 autosampler.  A 25µl sample was injected into 

Inertisil ODS-2 column (150X4.6 mm, 5µm), connected to a guard column filled with 

Pellicular C18 material (30-40 µm), at a flow rate of 1ml/min. The mobile phase 

consisted of 0.3%phosphoric acid: methanol (32.5:67.5).  

The same HPLC system was used for the plasma analysis; however, the column 

used for the analysis was a Discovery C18 reversed phase column (250 X 4.6 mm, 5 µm) 

from Supelco. 

Microdialysis System  

Microdialysis probes were purchased from CMA microdialysis, Stockholm. The 

CMA/20 probe, with a membrane length of 10 mm and molecular cutoff of 20 kDa, was 

used in this study. The probe was connected to a 1000µl Gastight syringe by a catheter 

connector (BBraun). A microinfusion pump (Harvard apparatus, model 22, South Natick, 

MA) was used to keep the flow constant through the probe. 
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Microdialysis Experiments 

The in vitro recovery of docetaxel was determined by three different methods: 

extraction efficiency (EE), retrodialysis (RD), and no-net-flux (NNF). All methods were 

carried out at 37ºC. Each procedure is described in the following sections. 

Extraction efficiency method 

In the extraction efficiency method (EE), blank lactated Ringer’s solution was 

pumped through the microdialysis probe, which was placed into a glass tube filled with 

approximately 4 ml of drug solution. Three different docetaxel concentrations were used 

in this experiment, 2.5, 5, and 9 µg/ml, all prepared in lactated Ringer’s solution. The 

flow through the membrane was initially set to 5 µl/min for 10 minutes, and afterwards 

changed to 1.5 µl/min for 1.5 hour (equilibration period). Subsequently, dialysate 

samples were collected every 25 minutes. A total of 5 samples were collected for each 

experiment, and a total of three to four experiments were performed for each 

concentration. The docetaxel concentration in the dialysates and in the tube before and 

after the experiments was determined by the HPLC/UV method described above. The 

probe recovery determined by the extraction efficiency was calculated by the equation: 

100% ⋅=
sol

out

C
C

R      (Equation 3-1) 

where R% is the recovery in percentage; Cout is the concentration in the dialysate; and 

Csol is the average drug concentration in the tube before and after the experiment. 

Retrodialysis method 

In the retrodialysis (RD) experiment the probe was placed in blank lactated 

Ringer’s solution and drug solutions of different concentrations were pumped through the 

probe. The same equilibration period as in the EE method was followed and, after it, a 



48 

 

total of 10 dialysate samples were collected every 25 minutes. A total of 3 experiments 

were performed for each concentration. The drug concentration in the microdialysis 

samples as well as in the syringe before and after the experiment were determined by 

HPLC/UV. 

The recovery in this experiment was calculated by the equation: 

( )
100% ⋅

−
=

in

outin

C
CC

R    (Equation 3-2) 

where R% is the recovery in percentage; Cin is the average concentration in the perfusate 

before and after the experiment; and Cout is the concentration in the dilaysate. 

No-net-flux method 

In the no-net-flux method (NNF) experiment the microdialysis probe was placed in 

plasma solution containing 62.5 µg/ml of docetaxel. The microdialysis probe was 

perfused at different times with three docetaxel concentrations (2.5, 5, and 10 µg/ml), all 

prepared in lactated Ringer’s solution. An equilibration time of 10 minutes at 5 µl/min 

followed by 3h at 1.5 µl/min was allowed before the first dialysate sample was collected 

for the initial concentration of 2.5 µg/ml. For every change in the perfusate concentration 

the probe was allowed to equilibrate with the new concentration for 10 minutes at 5 

µl/min followed by 1.5 h at 1.5 µl/min. A total of 3 dialysate samples were collected for 

each concentration. The drug concentration in the syringe before and after the experiment 

was also determined. A total of five experiments were performed. 

Plasma samples from the tube were also collected before starting the NNF 

experiment, at the end, and in every perfusate concentration change. The plasma samples 

were extracted by SPE and analyzed by HPLC/UV method described above. 
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The recovery was determined by plotting the net change in the docetaxel 

concentration versus the perfusate concentration. The slope of the curve represents the 

recovery and the intercept of the curve represents the point of no-net-flux, which is equal 

to the free docetaxel concentration in the plasma solution. 

Binding 

The binding to the inlet and outlet tubing was determined by pumping drug 

solutions of different concentrations through the inlet and outlet tubing of the probe. The 

drug solutions were prepared by diluting the stock solution of 100 µg/ml with lactated 

Ringer’s solution in order to obtain the final concentrations of 2.5, 10, 20, and 30 µg/ml. 

The tubing of an old probe were cut out and connected to a syringe filled with drug 

solution. The solution was pumped through the tubing at a flow rate of 1.5 µl/min, and 

samples were collected every 25 min. A total of 4 to 6 samples were collected for each 

experiment. The concentration in the samples, as well as the concentration in the syringe 

before and after the experiment, were measured by HPLC/UV method described before.  

The concentration obtained in the samples was compared to the average 

concentration in the syringe, obtained before and after the experiment. The concentration 

in the samples was considered as the percentage recovered at the end of the tubing, after 

pumping drug solution through it. 

Results 

Analytical Method 

The analytical method developed for the plasma samples showed to be linear at the 

range 10 to 75 mg/l (r2=0.999). The mean regression curve was y=0.0202x-0.0243 (x= 

docetaxel concentration, y= standard to internal standard peak height ratio). The lowest 

concentration of the standard curve showed a coefficient of variation (CV%) within day 
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below 1.5% and was accepted as the lowest limit of quantification of the method. The 

recovery of the extraction method was determined by comparing the peak heights of four 

standard concentrations prepared in mobile phase with those obtained for the standards 

prepared in plasma and extracted by SPE. The SPE method showed an average recovery 

of 91.7 +/- 9% (n=6 for each concentration tested). The intra and inter day precision was 

determined by the CV% obtained after injecting three times four concentrations 

representing the entire range of the standard curve. The intra day precision ranged from 

0.2 to 1.8% and the inter day precision ranged from 8.3 to 12%. The assay accuracy was 

determined by comparing the nominal QC concentration to the concentration measured 

using the standard curve.  The accuracy of the method ranged from 80.9 to 106.5% for all 

three concentrations tested.  

The analytical method developed for the microdialysis samples was validated as 

described for the plasma samples. The method showed to be linear in the concentration 

range of 0.5 to 10 µg/ml (r2=0.998). The mean regression curve was y=6802x-1529 (x= 

docetaxel concentration, y= peak height). The lower concentration of the curve was 

accepted as the lower quantification limit since it showed a CV% within 15%. The intra 

day precision ranged from 0.6 and 12.1% and the inter day precision ranged from 3.6 to 

12.3%, with higher variability observed for the lower concentration of 0.5 µg/ml. The 

accuracy of the method ranged between 83.6 and 112.7%, with lower accuracy observed 

for the lower QC (0.8 µg/ml).  

The two methods applied for the analysis of docetaxel showed to be within the 

required range of 15% variability for the precision and accuracy of the lower limit of 

quantification.120  
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Extraction Efficiency Method 

The dialysate concentration obtained for each extraction experiment and the 

calculated recovered are showed in Figure 3-2. Table 3-1 presents the averaged drug 

concentration and the respective recovery calculated for each experiment day, as well as 

the average recovery for each concentration. The SD represents the standard deviation of 

the concentrations in the tube measured before and after each experiment. The average 

recovery obtained for all three concentrations tested was 44.2 +/- 7.3%. 
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Figure 3-2: Average dialysate concentration (A) obtained in each experiment day for each 
concentration and its respective calculated recovery- %R (B) when using 
extraction efficiency as probe calibration method. 

Retrodialysis Method 

Figure 3-3 shows the average dialysate concentration obtained and the respective 

recovery (R%) calculated for each dialysate. The average perfusate concentrations before 

and after the experiment are depicted in Table 3-1 for all three concentrations tested. The 

recovery, calculated for each concentration by applying Equation 3-2, is also described in 



52 

 

Table 3-2. The average recovery calculated for all three concentrations tested is 60.3 +/- 

6.8%.  
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Figure 3-3: Average dialysate concentration (A) obtained in each experiment day for each 
concentration and its respective calculated recovery - %R (B) when using 
retrodialysis as probe calibration method. 

Figure 3-4 shows the average recovery obtained by extraction efficiency in 

comparison to the average recovery obtained by retrodialysis for each concentration. 
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Figure 3-4: Average recovery obtained for each concentration when two different 

methods were tested, extraction efficiency and retrodialysis. 
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Table 3-1: Average drug concentration measured before and after each experiment and 
the respective recovery calculated for each experiment. The averaged %R 
represents the mean recovery for each concentration. 

Experiment 
Concentration 
(µg/ml) +/- SD* 

Recovery (R%) +/- 
SD* 

Average R% 
+/- SD* 

2.0 +/- 0.3 43.5 +/- 4.9 
2.3 +/- 0.2 57.8 +/- 2.5 
2.0 +/- 0.3 44.3 +/- 5.9 
2.1 +/- 0.3 51.5 +/- 5.3 

49.3 +/- 6.7 

4.4 +/- 0.6 47.3 +/- 2.7 
4.2 +/- 0.2 39.6 +/- 4.9 
4.0 +/- 0.1 48.2 +/- 5.9 

45.03 +/- 4.7 

8.8 +/- 0.7 47.7 +/- 5.9 
7.8 +/- 1.1 34.6 +/- 4.0 
8.0 +/- 0.5 34.4 +/- 7.0 

Extraction 

Efficiency (EE) 

7.8 +/- 0.2 37.4 +/- 7.2 

38.5 +/- 1.3 

1.9 +/- 0.1 46.5 +/- 1.7 
2.2 +/- 0.1 57.7 +/- 6.4 
2.1 +/- 0.3 61.9 +/- 4.6 

53.4 +/- 7.9 

4.8 +/- 0.1 52.6 +/- 1.8 
4.4 +/- 0.1 66.2 +/- 3.8 
4.5 +/- 0.0 65.4 +/- 3.7 

61.4 +/- 7.6 

8.5 +/- 0.1 62.1 +/- 3.6 
8.3 +/- 0.2 65.2 +/- 2.0 

Retrodialysis 

(RD) 

9.5 +/- 0.1 65.4 +/- 1.2 
64.2 +/- 1.9 

*SD: standard deviation 
 

No-Net-Flux Method 

The average perfusate concentrations obtained for each experiment are depicted in 

Table 3-2.  

Table 3-2: Average perfusate concentration in each no-net-flux experiment. 
Nominal Concentration (µg/ml) 2.5 5 10 

NNF- A 2.3 +/- 0.1 4.5 +/- 0.1 9.8 +/- 0.0 

NNF- B 2.4 +/- 0.0 4.3 +/- 0.0 9.2 +/- 0.2 

NNF- C 2.4 +/- 0.0 4.8 +/- 0.1 9.1 +/- 0.7 

NNF- D 2.4 +/- 0.1 4.6 +/- 0.0 10.0 +/- 0.0 

Measured 
Concentration 
(µg/ml) +/- SD 

NNF- D 1.9 +/- 0.1 3.9 +/- 0.0 7.7 +/- 0.0 
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The net change in the dialysate and perfusate concentration was plotted against the 

perfusate concentration. The slope of the regression line represents the drug recovery by 

the probe. The recovery obtained by this method ranged from 54.5 to 79.6%. The average 

curve obtained in all five NNF experiments performed is show in Figure 3-5. The 

individual NNF plots are shown in Appendix A. The average recovery obtained by this 

method was 68.7 +/- 9.6% (n=5). The point where the line crosses the x-axis represents 

the free plasma concentration inside the vial. The average free plasma concentration, 

calculated by the regression line obtained in each NNF experiment, was 4.7 ± 1.1 µg/ml. 

The measured plasma concentrations of the samples from the no-net-flux experiment are 

depicted in Table 3-3.  
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Figure 3-5: Plot of the net change in the concentration between perfusate and dialysate 

versus the perfusate concentration. The slope of the curve represents the 
recovery and the intercept with the x-axis represents the free plasma 
concentration in the vial (y=-0.679x+3.187; r2=0.9999). 

Table 3-3: Concentration of the plasma samples obtained from the no-net-flux 
experiments.  

Samples NNF- A NNF- B NNF- C NNF- D NNF- E 
Initially  54.7 54.4 62.1 52.2 52.1 
2.5 – 5 mg/l 54.4 57.3 46.2 48.2 52.8 
5 – 10 mg/l 55.0 49.5 41.3 45.8 44.3 
End 39.0 55.8 45.5 43.3 41.2 
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Binding Assay 

The percentage recovered in the samples, after pumping drug solution through the 

tubing, is shown in Figure 3-6. The dark bars represent the percentage of drug recovered 

at the end of the outlet tubing, while the clear bars represents the percentage of drug 

recovered at the end of the inlet tubing. The recovery for the inlet tubing ranged from 78 

to 91%, while higher recoveries were observed for the outlet tubing, 87 to 103%. At 

concentration of 30 µg/ml, no drug was lost to the outlet tubing, but only a 91% recovery 

was observed for the inlet tubing.  
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Figure 3-6: Binding to the inlet and outlet tubing of the microdialysis probe.  

Discussion 

The principle of microdialysis is based on the diffusion of compounds through the 

probe membrane, which is permeable to small compounds. Because the probe is 

constantly being perfused by a physiological solution, equilibrium between the drug 

concentration in the probe lumen and in the probe surrounding is never reached. 

Therefore, the concentration in the dialysate will always represent a fraction of the real 

concentration in the tissue.55 Therefore, calibration of the probe is very important to 

determine how much drug can be recovered by the microdialysis probe. There are 
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different ways one can determine the probe recovery, but the most frequently used 

methods are extraction efficiency, retrodialysis, and no-net-flux. 

The recovery obtained by EE method (or recovery by gain) represents the fraction 

of the total amount of drug into solution that can be extracted by the probe. This method 

mimics in vitro the situation in vivo, when microdialysis is used to sample drug from a 

specific tissue. In this case, the drug is present in the tissue and diffuses through the 

membrane into the probe. Because the drug concentration in the tissue is expected to 

change overtime, it is important to verify if the drug recovery by the probe remains 

constant over different concentrations. In this study, three different concentrations were 

testes: 2.5, 5, and 9 µg/ml. The concentrations were selected based on the assay 

sensitivity and on the drug solubility in lactated Ringer’s solution. Concentrations higher 

than 9 µg/ml were initially tested, however the drug solubility was a major problem for 

concentration above 10 µg/ml. The recovery by gain showed to be similar for all three 

concentrations studied with an average recovery of 44.2 +/- 7.3%. It can be observed a 

tendency on the recovery to drop at increasing concentrations, as showed by the lower 

recovery obtained for the concentration of 9 µg/ml. However, the ANOVA analysis of 

the recoveries showed that the difference observed is not significantly different (p<0.1). 

The recovery obtained by retrodialysis (RD) showed a higher range when 

compared to the recovery obtained by EE. The average recovery obtained for all three 

concentrations by this method was 61.8 +/- 4.2%. An ANOVA analysis of the results 

again did not reveal any difference in the recoveries obtained for all three concentrations 

tested for this method. On the other hand, a comparison between methods for each 

concentration should also be performed, since a major assumption for using the 
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retrodialysis method when calibrating the probe in vivo is that the drug diffusion between 

both sides of the membrane (or the recovery) should be the same. When the recoveries 

for each concentration where compared, a significant difference was observed for the 

concentrations of 5 and 9 µg/ml.  

In the retrodialysis experiment, samples were collected over a longer period of time 

in order to determine how long it would take to reach equilibrium, when the diffusion of 

the drug through the membrane is constant. When performing microdialysis, the 

concentration in the first samples tends to be lower than the last samples. This difference 

is observed due to the dilution of the drug with the blank solution present in the tubing 

and due to steep concentration gradient through the membrane observed at the beginning 

of the MD procedure, when the system is not in equilibrium.116 Before starting collecting 

samples when performing the probe calibration, it is important to wait until the system is 

in equilibrium, which means that the drug diffusion through the probe membrane is 

constant.14 The dialysate concentration in the first two samples obtained by RD is still 

increasing, even though an equilibration period of 1.5h at 1.5 µl/min was allowed before 

collecting the first sample. Similar situation was observed in the EE method, where the 

first dialysate sample showed lower concentration than the other samples. The RD results 

also show that equilibrium is reached only after the third sample, which indicates that the 

best equilibration period could be as long as 3 hours at a flow of 1.5 µl/min.  

The recovery measured by RD and NNF methods was higher than the recovery 

obtained by EE, which may indicate that there are some other factors interfering with 

docetaxel recovery. The drug also may bind to plastic materials, as it is observed for 

taxol, and the binding affinity depends on the partition of the compound to plastic and to 
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the solvent used as perfusate.121 This factor can affect the recovery of the compound, 

since it could bind to the probe tubing and membrane.9 The binding effect could explain 

why the recovery observed by RD is higher than the EE method. Since for RD the drug 

needs to pass by the inlet, membrane, and outlet of the probe, getting in contact with 

longer plastic tubing, while for EE the drug get in contact only with the probe membrane 

and outlet. 

The binding experiment showed that at concentrations below 20 µg/ml, 78 to 91% 

of drug is lost to the plastic tubing used in the microdialysis probes. It is probably due to 

binding to the plastic material used in the manufacturing of the tubing (polyurethane) and 

due to the low drug solubility in lactated Ringer’s solution. The lost showed to be bigger 

for the inlet than the outlet, which may be related to the fact that the inlet tubing is color-

coded. However, if concentrations are high enough, the loss becomes less significant for 

the inlet and almost no drug is lost to the outlet tubing. 

It is known that docetaxel is unstable when stored in PVC bags at room 

temperature,122 however it is stable at room temperature in glass containers for 4 weeks 

and in plasma for 15 to 24h.122,123 The drug concentration, either in the syringe or in 

solution, before and after the experiment, showed to be similar as it can be observed by 

the low standard deviation obtained when the concentrations where compared. The 

similar concentrations obtained indicate that the compound was fairly stable in lactated 

Ringer’s solution throughout the experiment period. On the other hand, the plasma 

samples obtained in the NNF experiment showed a decrease in the concentration towards 

the end of the experiment, which may be an indication of drug instability at 37ºC. 
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In the NNF, the drug may diffuse in both directions across the membrane, 

depending on the difference between concentration in the perfusate and in the tube. When 

the concentration of the analyte in the perfusate is higher than the concentration in the 

tube, some analyte will diffuse from the probe into the tube, resulting in a decreased 

dialysate concentration. On the other hand, when perfusate concentration is smaller than 

the solution concentration, drug will diffuse from the tube into the probe, resulting in 

increased dialysate concentration. At the point where the perfusate and solution 

concentrations are identical, there will be no-net-flux across the membrane. At this point 

the curve crosses the x-axis and the free concentration in the plasma solution can then be 

determined. Because of this characteristic of having drug diffusion through both sides of 

the membrane, the NNF is considered a more precise method to determine the recovery. 

The recovery obtained for docetaxel by NNF was similar to the recovery obtained by 

retrodialysis (67.9% and 61.8%, respectively).  

The initial drug concentration in the plasma was chosen to be around 62.5 mg/l, 

which would give a free concentration of 5 µg/ml, according to the reported protein 

binding of docetaxel.118 This free concentration was considered adequate for the NNF 

experiment since it is seated right at in mid point among all concentrations tested and it is 

within the assay linear range. The free concentration in the plasma solution obtained by 

this method was 4.7 +/- 1.1 µg/ml (n=5). If the free concentration is compared with the 

initial plasma concentration, the fraction bound to proteins can be estimated. The free 

fraction estimated in this case was 8.6 +/- 2.3%, or 91.4% bound, which is in excellent 

agreement to the protein binding reported in the literature for this compound of 92%.118 
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The good recoveries obtained by all methods applied in this study show that the 

compound docetaxel has a good diffusion through the microdialysis membrane used in 

this study. However, due to the difference in the recoveries obtained for the extraction 

efficiency and retrodialysis methods, the probe calibration in vivo might be a challenge 

and some other alternative should be used for in vivo studies. In conclusion, the 

compound docetaxel seems to be very suitable for microdialysis despite its lipophilicity 

and high molecular weight. 
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CHAPTER 4 
IN VITRO MICRODIALYSIS OF CORICOSTEROIDS 

Introduction 

Microdialysis is a dynamic technique used to sample or deliver compounds to 

specific tissue. Because of the continuous perfusion of the probe, microdialysis takes 

place under non-equilibrium conditions and calibration of the probe is previous any 

experiment. Therefore, the determination of the recovery of the drug (the fraction of the 

free drug at the site of sampling which dialyses into the probe) is essential to estimate the 

free drug levels in the tissue.3 

The literature shows controversial results regarding the microdialysis of 

corticosteroids. While some authors have reported being difficult to dialysate 

corticosteroids,2 others reported no problems in performing microdialysis of these 

compounds.3,4 Corticosteroids are fairly lipophilic compounds and have high molecular 

weight. The structures of a few corticosteroids are shown in Figure 4-1. Due to their 

structure and size, some authors believed that they cannot freely cross the microdialysis 

membrane. Furthermore, because the diffusion of drugs through the microdialysis probe 

follows Fick’s law, factors as molecular size, shape, and lipophilicity will affect the drug 

diffusion through the probe and, therefore, the recovery.116  

Another factor that makes one believes that corticosteroids are not suitable for 

microdialysis, is their high protein binding. Corticosteroids have a protein binding 

ranging from 60% to 90% in human plasma.124-126 Because microdialysis can only sample 

the free drug, compounds that have a high protein binding will give very low 
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concentration in the dialysate, which makes analysis of this type of samples very 

difficult.127  
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Figure 4-1: Corticosteroids structure. 

Therefore it is the objective of this chapter to determine the in vitro recovery by 

gain of different corticosteroids and to correlate the recovery value obtained for each 

steroid to its logP and molecular weight values. Besides, in order to prepare for the in 

vivo experiments, the recovery of dexamethasone for two different probes, CMA/20 and 

CMA/60, was determined by extraction efficiency. The influence of concentration 

changes in the dexamethasone recovery was also assessed by retrodialysis. 
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Methods and Materials 

Materials 

Microdialysis probes were purchased from CMA/Microdialysis (Stockholm, 

Sweden). The CMA/20 probe, with a membrane length of 10 mm and a molecular cutoff 

of 20 kDa, and CMA/60, with a membrane length of 16 mm and a molecular cutoff of 20 

kDa, were used for the experiments. The probe was connected to a 1000 µl Gastight 

syringe by a Perifix screw connector (B. Braun). A microinfusion pump (Harvard 

Apparatus Syringe Pump Model ´22´) was used to keep the flow through the probe 

constant. 

All the solvents used in the HPLC analysis were of HPLC grade. 

Standard Solutions 

Stock solutions of 100.0 µg/ml of each steroid (flunisolide, triamcinolone 

acetonide, dexamethasone, hydrocortisone, beclomethasone dipropionate, budesonide, 

fluticasone propionate) were prepared in methanol and stored at –20°C for future 

preparation of the calibration curves and quality controls. The fluticasone propionate 

stock solution was further diluted with methanol in order to achieve the concentration of 

10 µg/ml. 

The stock solutions of flunisolide, triamcinolone acetonide, dexamethasone, 

hydrocortisone, and budesonide were diluted with lactated Ringer’s solution in order to 

achieve the following final concentrations: 0.5, 1.0, 2.0, 4.0, 8.0 and 16.0 µg/ml. 

The quality control (QC) standards were prepared by diluting the stock solution 

with lactated Ringer’s solution in order to obtain the final concentrations of 1.5 (QC1), 

6.0 (QC2) and 12.0 µg/ml (QC3). Beclomethasone dipropionate standard solutions of 0.5, 
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1.0, 2.0, 4.0, 8.0 µg/ml and QCs of 1.5, 3, and 6 µg/ml were also prepared in lactated 

Ringer’s solution.  

The fluticasone propionate standard solutions were prepared by diluting the 10 

µg/ml stock solution with lactated Ringer’s solution in order to obtain the concentrations 

of 0.0375, 0.05, 0.125, 0.25, 0.50, 1.0, 2.50, and 5.0 ng/ml. The QCs used in the 

fluticasone propionate analysis were prepared by diluting the 10 µg/ml stock solution 

with lactated Ringer’s solution in order to obtain the final concentrations of 0.045 (QC1), 

0.75 (QC2) and 4 ng/ml (QC3). 

The solutions used in the microdialysis experiments were prepared by diluting the 

stock solution with lactated Ringer’s solution in order to obtain the final concentrations 

of 1.5, 5.0 and 12.0 µg/ml. Beclomethasone dipropionate was tested for the concentration 

of 5.0 µg/ml.  

Lower concentrations of fluticasone propionate were tested, due to the low 

solubility of the compound in lactated Ringer’s solution. The concentrations tested in the 

microdialysis experiment were 0.1, 0.33, and 0.84 µg/ml.  

Sample Preparation 

The fluticasone propionate samples were extracted by a liquid-liquid method before 

analysis by the LC-MS/MS method. Briefly, 200 µl samples and standards received ethyl 

acetate, in a 1:3 proportion, and 13C-fluticasone propionate (internal standard). The 

solution was vortex for 10 minutes, and the supernatant was transfer to a glass tube and 

evaporated to dryness under vacuum. The residue was reconstituted in mobile phase and 

injected into the LC-MS/MS system. 
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Chromatographic System 

The standard solutions, QCs and samples of all steroids but fluticasone propionate 

were analyzed by a HPLC system consisting of a ConstaMetric IIIG LDC pump, a 

spectromonitor LDC analytical 3200 set to 254 nm, a HP 3396 integrator and a Perkin 

Elmer Serie 200 autosampler. 

30 µl samples were injected into a C18 column (50x2.1 mm, 5µm), connected to a 

guard column filled with Pellicular C18 material (30-40 µm), at a flow rate of 0.4 

ml/min. The mobile phase for flunisolide, triamcinolone acetonide, and dexamethasone 

consisted of acetonitrile:water:phosphoric acid (28:72:0.15), pH of 2.3. The mobile phase 

for hydrocortisone and budesonide consisted of acetonitrile:water (20:80) and 

acetonitrile:water (40:60), respectively. For beclomethasone dipropionate, a mobile phase 

of acetonitrile:water (50:50) was used.  

The fluticasone propionate concentration in solutions and dialysate were measured 

by a validated LC-MS/MS method.128  

Microdialysis Experiments 

Extraction efficiency method 

The in vitro recovery of the steroids was determined by the extraction efficiency 

method (EE). In this method, blank Ringer’s solution was pumped through the 

microdialysis (MD) probe (CMA/20 or CMA/60), which was placed into a testing tube 

filled with approximately 4 ml of drug solution. Three different concentrations (1.5, 5.0 

and 12.0 µl/ml) were tested for each steroid. 

After placing the probe in the drug solution, it was allowed to equilibrate for 10 

minutes at 5 µl/min followed by 60 minutes at 2 µl/min. Subsequently the equilibration 

period, dialysate samples were collected every 20 minutes. A total of 5 samples were 
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collected for each experiment, in a total of five experiments for each steroid 

concentration. 

The steroid concentration in the dialysate and in the tube before and after the 

microdialysis experiment was determined by the HPLC method described above. The 

probe recovery determined by the extraction efficiency was calculated by using Equation 

3-1. 

Retrodialysis 

In the retrodialysis experiment the MD probe (CMA/20) was placed in 4 ml blank 

Ringer’s solution and dexamethasone solution was pumped through it. An equilibration 

period similar to the EE experiment was allowed before the first sample was collected. 

Three different concentrations were tested: 1.5, 5, and 12 mg/l.  

The recovery was calculated by dividing the difference between perfusate and 

dialysate concentrations over the average perfusate concentration measured before and 

after the experiment (Equation 3-2). 

24h Retrodialysis 

The MD probe (CMA/20) was placed in an Eppendorf tube filled with 500 µl of 

lactated Ringer’s solution. The probe was connected to a 5-ml glass syringe filled with 

the dexamethasone solution of 30 µg/ml and flushed. Thereafter, an equilibration period 

of 5 minutes at 5 µl/min was allowed. The dialysate during the equilibration period was 

collected and its concentration was measured as well. After the equilibration period, the 

flow rate was changed to 2 µl/min and dialysate samples were collected every 30 minutes 

for the first 8 hours, every 2 hours for the next 4 hours, and at 24 h.  

The recovery was calculated as described for retrodialysis.  
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Results 

Standard Curve Calibration 

The standard curves of flunisolide, triamcinolone acetonide, dexamethasone, 

budesonide and hydrocortisone in lactated Ringer’s solution showed to be linear in the 

range of 0.5 to 16.0 µg/ml. Beclomethasone dopropionate standard curve was linear in 

the range of 0.5 to 8.0 µg/ml. The accuracy, determined by comparing the measured 

concentration of the QCs to their nominal concentration, ranged between 88.0 to 

118.8%. The interday precision ranged from 0.1 to 13.3%. 

Extraction Efficiency Method 

The average recovery obtained for each corticosteroid concentration tested is 

shown in Figure 4-2. The overall averaged recovery obtained for hydrocortisone was 53.5 

+/- 9.6%; for flunisolide was 52.7 +/- 12.6%, for triamcinolone acetonide was 57.1+/- 

10.3%, for dexamethasone was 51.5 +/- 9.2% and for budesonide was 41.7+/- 10.0%. 

Beclomethasone dipropionate showed not to be very soluble and stable in lactated 

Ringer’s solution and no drug could be detected in the dialysate when a concentration of 

5 µg/ml was tested. Fluticasone propionate was not detected in the dialysate of all 

concentrations tested for this compound. 

Dexamethasone recovery by EE was also determined using a CMA/60 probe. The 

recovery obtained with this probe ranged from 66.9 to 88.7%. An ANOVA analysis 

showed no statistically significant difference among the recoveries obtained for all three 

concentrations tested using CMA/60. Figure 4-3 shows the averaged recovery obtained 

for each concentration tested using the CMA/60 in comparison to the recovery obtained 

when CMA/20 was used.  
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Figure 4-2: Average recovery obtained for each corticosteroid concentration tested (HC: 

hydrocortisone; FLU: flunisolide, DEXA: dexamethasone; TA: triamcinolone 
acetonide; BUD: budesonide). The bars represent the standard deviation. 
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Figure 4-3: Dexamethasone recovery obtained using two different probes, CMA/20 and 

CMA/60. 

Correlation  

The average recovery of each steroid was compared to two factors that are reported 

as having some influence in the recovery of lipophilic compounds: the oil/water partition 

coefficient (logP) and the molecular weight (MW).  

The logP values of the different corticosteroids are given in Table 4-1. These are 

calculated values which were estimated using CLOGP version 3.54 and 3.55.129  
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The recovery versus logP as well as recovery versus MW plots are shown in Figure 

4-4. The correlation coefficient obtained for each factor was 0.0042 and 0.0249, 

respectively.  

Table 4-1: logP values and molecular weights of the corticosteroids used in the 
experiments. 

CORTICOSTEROIDS logP  Molecular Weight 
Hydrocortisone 1.86 362 
Flunisolide 1.7 434 
Dexamethasone 2.2 392 
Triamcinolone acetonide 2.7 430 
Budesonide 2.31 430 
Becolmethasone dipropionate 4.2 521 
Fluicasone propionate 3.9 501 
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Figure 4-4: The correlation obtained when the overall averaged recovery obtained for 
each compound was compared to its logP (r2= 0.0042) or MW (r2= 0.0249). 

Retrodialysis 

Table 4-2 shows the average perfusate concentration obtained in each RD 

experiment performed, as well as the calculated recovery. The average recovery 

calculated for all three concentrations tested is 53.6 +/- 7.1%. Figure 4-5 shows the 

average recovery obtained for each concentration in comparison to the recovery obtained 

by the EE method for the same concentrations.  
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Table 4-2: Average perfusate concentration, measured before and after each retrodialysis 
experiment, and the respective recovery calculated for each experiment day. 
The averaged %R represents the mean interday recovery for each 
concentration and SD represents the standard deviation. 

Nominal Concentration 
(µg/ml) 

Measured Concentration 
(µg/ml) +/- SD 

Recovery (R%) 
+/- SD 

Average R% 
+/- SD 

1.5 +/- 0.0 43.2 +/- 5.3 
1.6 +/- 0.1 47.4 +/- 5.3 1.5 
1.6 +/- 0.0 46.9 +/- 13.3 

45.8 +/- 2.3 

4.7 +/- 0.1 53.4 +/-4.3 
4.8 +/- 0.1 59.4 +/- 4.1 5 
4.9 +/- 0.1 66.5 +/- 5.6 

59.8 +/- 6.6 

11.2 +/- 0.5 65.9 +/- 8.0 
11.6 +/- 0.2 52.0 +/- 4.7 12 
11.4 +/- 0.2 47.8 +/- 4.4 

55.2 +/- 9.5 
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Figure 4-5: Recovery (R%) obtained for all three dexamethasone concentrations tested, 

when the extraction efficiency (EE) and retrodialysis (RD) methods are 
applied. 

24h Retrodialysis 

Figure 4-6 shows the dialysate concentration changes during the experiment. As it 

can be observed, the concentration increases slightly throughout the experiment till it 

reaches a plateau, which is similar to the perfusate concentration (27.5 +/- 2.7 µg/ml). 

Table 4-3 depicts the concentration measured in the tube and perfusate, as well as the 

concentration of the last dialysate sample collected. The tube concentration was measured 

at the end of the experiment, and its average concentration obtained was 24.7 +/- 2.7 
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µg/ml. The average intraday recovery for each experiment, calculated in according to 

Equation 3-2, was 20.1 +/- 10.5%; 20.8 +/- 9.5%; and 26.7 +/- 7.5%. The average 

recovery, calculated for all three experiments, was 22.5 +/- 3.7%. However, it was 

observed that the recovery decreased over time. The recovery calculated for the first 

dialysate sample was 39.9, 31.3, and 35.4%, for the RD1, RD2, and RD3, respectively. 

On the other hand, the recovery calculated for the last sample was 12.3, 21.3, and 22.4%, 

respectively. 
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Figure 4-6: Dialysate concentration obtained in the retrodialysis experiment of 

dexamethasone. The bars represent the standard deviation. 

Table 4-3: Results obtained in the 24h-retrodialysis experiment. 
RETRODIALYSIS RD1 RD2 RD3 

R% 20.1 +/- 10.5 26.7 +/- 7.5 20.8 +/- 9.5 

R% (sample 3-7) 25.3 33.2 30.2 

P [µg/ml] 29.80 28.13 24.49 

D [µg/ml] 28.45 24.99 25.50 

T [µg/ml] 27.78 22.63 23.75 
R%: recovery in percentage 
P: perfusate concentration 
T: concentration of the solution in the tube 
D: dialysate concentration 
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Discussion 

The determination of the probe recovery is a very important step when applying 

microdialysis for a new compound. Before performing any in vivo experiment, it is 

important to verify the feasibility of performing microdialysis for the specific compound 

by determining its in vitro recovery. The recovery can be measure by different methods. 

However, the comparison of the recovery obtained by extraction efficiency and by 

retrodialysis methods is more relevant in order to predict if the drug diffusion through 

both sides of the membrane is the same or not. 

The recovery obtained by the extraction efficiency method represents the relative 

recovery of the compound. Although the in vitro and in vivo recoveries can not be 

compared, the in vitro experiments can tell if the compound is feasible for microdialysis 

or not. The average recovery obtained by EE for all corticosteroids, using the CMA/20 

probe, ranged from 33.3 to 62.2%, with lower recoveries observed for budesonide. Lower 

recovery was also observed for almost all compounds at higher concentration (12 µg/ml). 

The overall recovery can be considered a good recovery if one considers the lipophilicity 

and size of the compounds tested and the fact that the in vivo recovery will be almost 

always lower than the in vitro one. On the other hand, some variability could be observed 

within the results for each corticosteroid. The coefficient of variability (CV%) of the 

averaged recovery obtained for each steroid ranged from 18% for hydrocortisone to 

24.7% for budesonide.  

The membrane size and composition are two important factors affecting the 

recovery of compounds through the microdialysis probe membrane. The two probes 

tested here for dexamethasone, CMA/20 and CMA/60, are reported in the literature to be 

used for animal and human studies, respectively. These probes differ in size and 
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membrane material. The CMA/20 has a shorter membrane (10mm) made of 

polycarbonate, while the CMA/60 has a longer membrane (16mm) made of 

polyacrilamide. When the recovery obtained for these two probes where compared, it is 

clear that the CMA/60 gave a higher averaged recovery (77.2 +/- 7.7%) than the CMA/20 

(51.5 +/- 9.2%). The higher recovery is in agreement to the fact that longer membranes 

will have higher recoveries due to the bigger surface area for the drug exchange between 

perfusate and solution.9 The recovery obtained with the CMA/60 also showed to be more 

linear among concentration, and no decrease in the recovery was observed at higher 

concentrations. 

It has been reported in the literature that the recovery of compounds through the 

probe membrane is a factor of the size (molecular weight) and lipophilicity of the 

compound.25,116 However, the results presented here show that these two factors do not 

have a significant effect on the recovery of corticosteroids, at least in the MW and logP 

range studied here.  

The in vivo calibration of the MD probe is performed by retrodialysis in most in 

vivo experiments. The recovery obtained by retrodialysis is assumed to be similar to the 

relative recovery of the compound, which is true if the drug diffusion from both sides of 

the membrane is the same.5 Therefore, in order to determine if the drug diffusion through 

both sides of the membrane is similar for dexamethasone, the MD probe was also 

calibrated by retrodialysis. The retrodialysis method was performed keeping all the 

variables from the EE constant, the only difference being that the drug solution was 

present in the perfusate and not in the tube. The recovery obtained by RD for 

dexamethasone ranged from 45.8 to 59.8%. Despite the observed difference on the 
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recovery obtained for each concentration tested, an ANOVA analysis did not show any 

statistically significant difference. 

However, when the recovery obtained by the two methods, extraction efficiency 

and retrodialysis, were compared for each concentration, a slightly significant difference 

was observed for the concentration of 1.5 µg/ml. The compound characteristics might 

also be having an impact in the recovery obtained these two different methods. A 

difference in the recovery obtained by both methods has also been reported for 

betamethasone.26 

The ANOVA analysis of the dexamethasone recovery obtained by extraction 

efficiency for all concentrations tested, showed a statistically significant difference 

among the recoveries. However, this difference is observed between the concentration of 

1.5 and 12 µg/ml. No differences in the recovery were observed when the recovery 

obtained for the concentrations of 1.5 and 5 µg/ml and 5 and 12 µg/ml were compared. 

In the 24 h-retrodialysis experiment, the MD probe was placed in tube filled with 

only 500 µL of the blank lactated Ringer’s solution. In that way, we could follow the 

concentration build up in the dialysate and inside the tube and assess how changes in 

concentration can interfere with the recovery.  As it can be seen in Figure 4-4, up to the 

eighth dialysate sample the recovery is fairly constant. However, after the eighth sample 

the dialysate concentration starts to increase again until it reaches almost the same 

concentration of the perfusate. The changes in the dialysate concentration could be 

explained by the increase in the concentration inside the tube, which cause to the 

concentration gradient to decrease and, therefore, less drug would diffuse through the 

probe membrane. 
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The concentration in the last dialysate sample for all experiments performed was 

slightly lower than the measured perfusate concentration. If microdialysis is performed 

for a long period of time, in a system where the sink condition is not maintained, it is 

expected that in a certain point the concentrations in the perfusate, dialysate and inside 

the tube would be similar. The non-sink condition is true for this experiment, however, 

all three concentrations (perfusate, dialysate, and tube) at 24h showed to be slightly 

different. It is possible that a longer period of time would be required in order for the 

system to reach equal concentrations since a lower concentration gradient is expected 

when the concentration difference is smaller. On the other hand, the difference observed 

in all three concentrations might not be significant if the averaged concentrations are 

compared and the variability on the results considered. 

The recovery obtained in the 24h-retrodialysis experiment ranged from 20.1 to 

26.7%. However, a higher recovery was calculated for the initial dialysate samples. This 

result is consistent with the increase in the dialysate samples concentration. As the 

dexamethasone concentration inside the tube increased, the concentration gradient 

between the perfusate and solution decreased, resulting in a decrease on the drug 

diffusion through the membrane. 

The results presented here show that factor such as lipophilicity and molecular 

weight do not interfere significantly with the recovery of corticosteroids. On the other 

hand, membrane size and concentration are parameters that need to be taken into 

consideration when performing MD of dexamethasone. Furthermore, the average 

recovery obtained for dexamethasone by EE and RD showed to be quite similar. Despite 

the controversial results are reported in the literature regarding the recovery of 
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corticosteroids,2-4 the results here show that corticosteroids are suitable compounds for 

microdialysis. 
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CHAPTER 5 
PRE-CLINICAL MICRODIALYSIS OF DEXAMETHASONE 

Introduction 

The dosing regimen is usually intended to produce therapeutic levels at the disease 

site throughout the dosing interval. Frequently, dosing decisions are based on plasma 

concentrations, which are easily accessible. However, levels reached in the biophase are 

the determinant for the therapeutic outcome. Measurement of plasma levels is valid if the 

free concentrations obtained in plasma will result in similar free levels at the affected 

tissue sites. This assumption is often true for drugs that distribute into the body by 

diffusion, in which the only factor affecting distribution is the concentration gradient 

between the free plasma and tissue levels. However, sometimes other mechanisms, such 

as active transport at poor permeable barriers, are involved in drug distribution and can 

modify drug distribution in the tissue. Other factors that can affect drug distribution are 

tissues with altered physiological characteristic, when the blood flow and the interstitial 

matrix are altered by a disease.56 By measuring the drug concentration at the site of action 

and in disease tissue it is possible to determine to what extent the physiological changes 

that occur in a tumor or infected site affect drug distribution. It also allows determining if 

therapeutic levels are attained by giving a dose calculated based on plasma levels. 

One way of determining drug level in the tissue is by microdialysis. Microdialysis 

is technique that allows sampling drug from the extracellular fluid and, therefore, 

determining the free drug concentration in the tissue. The MD probe, which has a 

semipermeable membrane, is constantly perfused by a physiological solution. The free 
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drug molecules that are in the tissue fluids are filtered across the membrane into the 

probe capillary and are carried out of the probe by a constant flow.55 The drug 

concentration at the probe outlet reflects the free levels in the tissue. The determination of 

free levels is important since only the free drug concentration is pharmacologically 

active. 

Therefore, it is the objective of this study to determine the dexamethasone tissue 

distribution in muscle of male Wistar rats by microdialysis, after intravenous 

administration of dexamethasone phosphate, and to compare the free muscle 

concentration to the plasma concentration. 

Material and Methods 

Materials 

All surgical instruments used in the surgery were autoclaved before use. The sterile 

lactated Ringer’s solution was purchased from Abbot. Sodium chloride was purchased 

from Fisher. All the solvents used in the HPLC analysis were of HPLC grade.  

Microdialysis probes were purchased from CMA/microdialysis, Stockholm. The 

CMA/20 probe used in the in vitro experiment has a membrane length of 10 mm and the 

same molecular cut off (20kDa). The probe was connected to a 5000µl BD plastic syringe 

by a catheter connector (BBraun). A microinfusion pump (Harvard apparatus, model 22, 

South Natick, MA) was used to keep the flow constant through the probe. 

Analytical Method 

Standard preparation 

A stock solution of 100.0 µg/ml of dexamethasone was prepared in methanol and 

stored at –20°C for future preparation of the calibration curves and quality controls used 

in the microdialysis sample analysis. The stock solution was diluted with lactated 
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Ringer’s solution in order to achieve the following final concentrations: 0.25, 0.5, 1.0, 

2.0, 4.0, and 8.0 µg/ml. The quality control (QC) standards were prepared by diluting the 

stock solution with lactated Ringer’s solution in order to obtain the final concentrations 

of 0.35 (QC1), 1.5 (QC2), and 6.0 µg/ml (QC3). 

A dexamethasone stock solution of 1 mg/ml of methanol was used to prepare the 

standards and QC in plasma. This solution was stored at –20°C when not in use. The 1 

mg/ml stock solution was initially diluted in plasma in order to get the concentration of 

100 µg/ml (solution A1). This plasma solution was then diluted in order to get the 

concentrations of 0.5, 1, 2.5, 5, 10, 25, 50, and 75 µg/ml used in the calibration curve. 

The QC standards were prepared by making another dilution of the stock solution 

with plasma to get the concentration of 100.0 µg/ml (solution A2). The plasma solution 

was further diluted with plasma in order to obtain the final concentrations of 2, 7, 40, 70, 

and 90.0 µg/ml (QC1, QC2, QC3, QC4, and QC5 respectively).  

The standard curve was prepared in rat and human plasma for the assay validation. 

Plasma extraction 

The plasma standards were extracted by liquid- liquid extraction. The internal 

standard used in this analysis was triamcinolone acetonide (TA) 50 µg/ml. 

A 150-µl aliquot of internal standard (IS) triamcinolone acetonide (TA) (50 µg/ml 

of methanol) was added to 150 µl of plasma spiked with dexamethasone standard as 

described above. The plasma was extracted with 500 µl of ethyl acetate by shaking it for 

10 minutes. Afterwards, the mixture was centrifuged and the supernatant was transferred 

to a glass tube. The samples were evaporated under vacuum and the residue was 

reconstituted with 150 µl of mobile phase.  
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For the plasma samples analysis, 75 µl of IS was added to 75 µl aliquot of the 

samples obtained from the animal experiment. The samples were extracted with 250 µl of 

ethyl acetate as described above. 

HPLC system 

The standard solutions, QCs, and samples were analyzed by a HPLC system 

consisted of a ConstaMetric IIIG LDC pump, a spectromonitor LDC analytical 3200 set 

to 254 nm, a HP 3396 integrator, and a Perkin Elmer Serie 200 autosampler. A 30µl 

microdialysis sample was injected into Discovery® C18 (50X2.1mm, 5µm), connected to 

a guard column filled with Pellicular C18 material (30-40 µm), at a flow rate of 0.4 

ml/min. The mobile phase consisted of acetonitrile:water (25:75). 

The same HPLC system was used in the analysis of the plasma samples. However, 

25 µl sample was injected into a Discovery® C18 column (150 X 4.6 mm, 5 µm) 

connected to a Pellicular C18 (30-40µm) guard column. The mobile phase consisted of 

water:acetonitrile:phophoric acid 85% (28:72:0.15), pH= 2.3. 

Animal Procedure 

In this study male Wistar rats were anesthetized by administration of 

ethylcarbamate (urethane®) intraperitoneally (1.2-1.5 g/kg dose). Anesthesia was 

confirmed by the absence of reflexes after pinching the rat’s footpads. After anesthesia, 

the animal was immobilized in a supine position on a dissecting board. An electric 

heating pad was used to keep animal normothermic and body temperature and respiratory 

rate were monitored throughout the experiment. The rat was intubated through a 

tracheotomy procedure and artificially ventilated with room air by using a rodent 

respirator (Harvard Apparatus, model 683). The ventilator was set at a frequency of 62-

66 min-1 and a volume of 2 ml.  
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Blood sampling 

Blood samples were collected by a polyethylene catheter (inner diameter of 0.3 mm 

and outer diameter of 0.7 mm) introduced into the carotid. After the catheter insertion and 

after every blood sample collection, the catheter was irrigated with a heparin solution in 

saline (25 UI of sodium heparin/mL of 0.9% saline).  

Blood sample (300-400 µl) were collected in heparinized tubes before the dose was 

administered (time zero) and at 10, 30, 60, 90, 120, 180, 240, and 300 minutes after drug 

administration. Right after the blood collection, the samples were placed on ice until the 

plasma separation. The samples were centrifuged for 10 min at 5000 rpm. The plasma 

was transferred to another tube and kept at –20ºC until analyzed.  

Muscle microdialysis  

The skin area in the left hind leg muscle after skin area was shaved and cut open 

with a scalp and a microdialysis CMA/20 probe was inserted according to manufacturer 

instructions. Briefly, a 22 GA needle was used to insert a splitable guide (plastic tubing) 

into the rat thigh muscle. After the insertion, the needle was withdrawn without removing 

the guide from the muscle. The MD probe was inserted through the tubing, which was 

removed by pulling it upwards and outwards leaving the probe into the tissue. The probe 

was taped to the skin in order to keep it in place and the wound was closed with super 

glue.  

After the insertion, the probe was connected to a 5000µl syringe by a catheter 

connector (BBraun) and flushed with lactated Ringer’s solution (NaCl 137 mM, KCl 1.0 

mM, CaCl2 0.9 mM, NaHCO  1.2 mM). The syringe was then connected to a 

microinfusion pump (Harvard apparatus, model 22, South Natick, MA) used to keep the 
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microflow constant through the probe. A flow of 2 µl/min was set for 30 minutes before 

the probe calibration. 

Probe calibration 

The probe was calibrated by retrodialysis. In this method, the syringe with lactated 

Ringer’s solution was replaced by a syringe with known dexamethasone concentration (2 

µg/ml). The drug solution was pumped at a flow of 2 µl/min. The probe was allowed to 

equilibrate for 30 minutes at the same flow rate before retrodialysis samples were 

collected. The samples for the calibration procedure were collected every 20 minutes and 

a total of two samples were collected. The samples were frozen at -20°C until analyzed.  

The drug concentration in the microdialysis samples as well as in the syringe before 

and after the experiment was determined by HPLC/UV method described above. After 

the probe calibration, the drug perfusion was stopped and the probe was perfused with 

lactated Ringer’s solution for 30 minutes (wash out period) before the drug was 

administered. 

The in vivo recovery was calculated by the Equation 5-1: 

( )
100% ⋅

−
=

perf

dialperf

C
CC

R    (Equation 5-1) 

where Cperf is the concentration in the perfusate; Cdial is the concentration in the dialysate; 

and R% is the percentage recovered. 

Experiment Design 

Fourteen Wistar male rats were used in this study to investigate the 

pharmacokinetics and tissue distribution of dexamethasone. The study was first approved 

by the Institutional Animal Care and Use Committee- IACUC- of University of Florida. 
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The rats received either 100 mg/kg (n=8) or 50 mg/kg (n=6) of dexamethasone disodium 

phosphate salt by i.v.. 

After the surgery and probe calibration by retrodialysis, a wash out period of 30 

minutes was allowed before the drug administration. Blood and microdialysis samples 

were drawn at specific time intervals before and after the drug administration. 

Microdialysis samples were collected every 20 minutes throughout the experiment with 

the help of a microfraction collector (CMA/142) for dual probes sampling. The samples 

were frozen before analyses by a validated HPLC/UV method. 

Tissue Levels  

The drug concentration in the muscle was calculated by considering the recovery 

obtained in animal each experiment. The drug concentration in the tissue will be 

calculated using the Equation 5-2. 

R
C

C dil
freet =,    (Equaiton 5-2) 

where Ct, free is the muscle free concentration, Cdial is the concentration in the dialysate, 

and R is the recovery obtained in each animal experiment. 

Pharmacokinetic Analysis 

The blood profile was analyzed according to a non-compartmental and a 

compartmental approach. In the non-compartmental approach, the peak concentration 

(Cmax) and the time to reach the peak (tmax) were extracted from the concentration 

versus time profiles in plasma and muscle of each animal. The non-compartmental 

analysis of the plasma profile was performed using the program WinNonlin. The model 

200 was used in this analysis. 
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The AUC for the microdialysis samples was calculated by a modified trapezoidal 

rule. Because the concentration obtained in the microdialysis samples is an averaged 

concentration of the collection time, the AUC was calculated as the sum of the dialysate 

concentration times the collection interval. The elimination rate constant, ke, was 

obtained from the terminal slope of the log linear concentration versus time plot. The 

half-life (t1/2) was calculated by the Equation 5-3. 

ke
t 693.0

21 =     (Equation 5-3) 

The clearance (Cl) for the muscle profile was calculated by dividing the dose over 

the AUC up to the last time point. The volume of distribution (Vz) was calculated by 

dividing the clearance by the elimination rate constant (ke).  

The tissue penetration was calculated by dividing the AUCtissue, free by the 

AUCplasma, free.  

The compartmental analysis of plasma and muscle profiles was performed using 

program Scientist (MicroMath). An adapted one compartmental model was used to fit the 

individual plasma and tissue data. The model is shown in Figure 5-1. In this model, 

dexamethasone dissodium phosphate was considered a depot in the central compartment 

for dexamethasone, the active form. The conversion of the pro-drug into dexamethasone 

was assumed to be a first order process.  

The equations that describe the model and used to fit the total plasma and the free 

tissue profiles are: 

( ) ( )tkatke
totalplasma Vkeka

DkaFrC ⋅−⋅− −⋅
⋅−
⋅⋅

= '
, expexp

'
'

 (Equation 5-4) 
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',, FfuCC plasmatotalfreetissue ⋅⋅=   (Equation 5-5) 

where Cplasma,total is the total plasma concentration; Ctissue,free is the free tissue 

concentration;  ka’ is the conversion rate constant; ke is the elimination rate constant; D 

is the dexamethasone phosphate dose administered; V is the volume of distribution; fu is 

the fraction unbound; Fr is the fraction of dexamethasone phosphate converted to 

dexamethasone; and F’ is the penetration into the muscle factor. 

 
Figure 5-1: One compartmental model used to describe dexamethasone total plasma and 

free tissue profiles obtained after i.v. administration of dexamethasone 
disodium phosphate (DP= dexamethasone dissodium phosphate; DX= 
dexamethasone; Xc= central compartment; ke= elimination rate constant; ka’= 
conversion rate constant; Fr= fraction of DP converted to DX). 

Results 

Assay Validation 

The HPLC assay for the analysis of the plasma samples was validated according 

the requirements of accuracy, precision, sensitivity and linearity.120,130 

The standard curve was initially prepared in rat plasma and extracted and analyzed 

by the HPLC system described above. The assay showed to be linear in the concentration 

range of 0.5 to 100 µg.ml. The interday precision obtained ranged from 2.6 to 12.5% and 
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the intraday precision ranged from 0.1 to 5%. The accuracy obtained by this method 

ranged from 90.3 to 116.7%. 

The standard curve and quality controls in human plasma were prepared as 

described above. The assay showed to be linear in the same concentration ranged tested 

for rat plasma. The intraday precision ranged from 0.1 to 4.7% and the interday precision 

ranged from 0.7 to 11.7%. The accuracy of the method ranged from 89 to 115.6%. 

The assay using rat plasma was cross validated to the assay using human plasma as 

matrix by comparing the QCs obtained with each matrix. 

Microdialysis 

The dialysate concentration is shown in Figure 5-2. A higher variability in the 

dialysate levels is observed for the 100 mg/kg dose. However, this variability can be 

attributed to the variability in the recovery. The average in vivo recovery for 

dexamethasone, determined by retrodialysis, was 37.4 +/- 9.1% and 34.3 +/- 5.8% for the 

50 and 100 mg/kg doses, respectively. The recovery obtained for each animal was used to 

calculate the free level in the muscle.  
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Figure 5-2: Dialysate concentration obtained after the i.v. administration of 50 and 100 
mg/kg dose of dexamethasone dissodium phosphate to male Wistar rats. 
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Non-Compartmental Analysis 

The plasma and muscle profiles obtained after iv administration of both doses is 

shown in Figure 5-3. The free plasma concentration was calculated based on the plasma 

profile measured and a protein binding of 84.7%.126 The tissue penetration factor was 

calculated as 1.13 +/- 0.25 for the dose of 50 mg/kg and 0.98 +/- 0.19 for the 100 mg/kg 

dose. The AUCtissue, free/AUCplasma, total ratio was 0.17 +/- 0.04 and 0.15 +/- 0.03 for 50 and 

100 mg/kg doses, respectively. 

The non-compartmental analysis of the plasma profile was performed using 

program WinNonlin. The results obtained from one animal dosed with 100 mg/kg were 

not included in the analysis due to the small collection interval (120 minutes), which 

caused the elimination rate constant calculated to be much smaller than the one obtained 

for the rest of the animals. Besides, the AUC0→inf calculated for this specific animal 

represented more than 90% of the AUC0→t. The non-compartmental analysis of the 

muscle concentrations was performed using the Excel program. The averaged 

pharmacokinetic parameters obtained in the non-compartmental analysis are depicted in 

Table 5-1. Appendix B shows the individual pharmacokinetic parameters obtained in the 

non-compartmental analysis. 
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Figure 5-3: Plasma and muscle profiles obtained after i.v. administration of 50mg/kg and 

100 mg/kg doses to male Wistar rats. 
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Table 5-1: Pharmacokinetics parameters obtained in the non-compartmental analysis of 
the plasma and muscle profiles. 

 Plasma Muscle 

Dose 100 mg/kg 50 mg/kg 100 mg/kg 50 mg/kg 

Cmax (mg/l) 37.3 +/- 6.1 21.4 +/- 3.7 5.4 +/- 1.2 3.3 +/- 0.4 

tmax (min) 34 +/- 11 35 +/- 12 73 +/- 27 57 +/- 16 

ke (min-1) 0.0038 +/- 0.003 0.0032 +/- 0.002 0.0037 +/- 0.001 0.0052 +/- 0.002

t1/2 (min) 269 +/- 143 256 +/- 94 200 +/- 59 147 +/- 48 

Vz/Fr 
(l/kg) 

2.4 +/- 0.6 2.5 +/- 0.6 16.5 +/- 5.3 11.3 +/- 1.6 

Cl/Fr 
(l/h/kg) 

0.48 +/- 0.25 0.44 +/- 0.11 3.61 +/- 1.21 3.39 +/- 0.77 

AUC0→inf 
(g/l/min) 

15.16 +/- 6.08 7.19 +/- 1.92 1.83 +/- 0.60 0.92 +/- 0.21 

AUMC0→inf 
(g/l/min) 

7110.99 +/- 
5312.87 

2926.39 +/- 
1601.87 

608.07 +/- 
322.86 

233.51 +/- 
109.51 

MRT (min) 406 +/- 196 382 +/- 127 316 +/- 83 243 +/- 61 
 

Compartmental Analysis 

The compartmental analysis was performed simultaneously for the plasma and 

microdialysis profiles using the model described before. Each animal profile was fitted 

individually. The average pharmacokinetics parameters obtained in the analyses are 

depicted in Table 5-2. Appendix C shows the individual pharmacokinetic parameters 

obtained in this analysis. The individual fits can be observed in Appendix D. Figure 5-4 

shows the average plasma and microdialysis profiles simulated using the average 

pharmacokinetics parameter obtained in the analysis. Appendix D shows the individual 

profiles fitted according to the model described above. 

The elimination half-life was 2.7 and 3.2h for the dose of 50 and 100 mg/kg, 

respectively. The conversion rate obtained for both doses was 0.12 min-1. The conversion 
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rate constant can be considered as the elimination rate constant for the dexamethasone 

phosphate ester through the degradation path. In this case, the elimination half-life for 

this compound through the degradation route is 5.8 min, which is in good agreement with 

the degradation half-life for the ester in humans.131 The fraction unbound in the plasma 

was obtained from the literature and fixed in 0.153 during analysis.  
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Figure 5-4: Average plasma and microdialysis profiles obtained after the i.v. 

administration of 100 and 50 mg/kg dose of dexamethasone disodium 
phosphate. The symbols represent the measured concentrations and the line 
represents the simulated profile using the average pharmacokinetics 
parameters obtained in the individual analysis. The bars represent the standard 
deviation. 

Table 5-2: Average pharmacokinetics (PK) parameters obtained after the fitting of the 
plasma and microdialysis profiles using the one compartment body model 
with first order conversion rate. 

DOSE 
PK PARAMETERS 100 mg/kg 50 mg/kg 

ka’ (min-1) 0.1204 +/- 0.0545 0.1205 +/- 0.0407 

ke (min-1) 0.0035 +/- 0.0013 0.0039 +/- 0.0013 

t1/2 (min) 229 +/- 95 192 +/- 59 

V/Fr (l/kg) 2.5 +/- 0.4 2.2 +/- 0.4 

F’ 0.91 +/- 0.19 1.03 +/- 0.21 

MSCa 3.82 +/- 0.85 4.01 +/- 0.49 
a: model selection criteria 
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Discussion 

The tissue penetration of compounds into different organs can be investigated by a 

number of in vivo techniques, such as biopsy, tissue assay, blister fluid, and imaging 

methods. However, these techniques show some limitations, as the number of samples 

that can be obtained per subject; no time resolution; overestimation of the free levels or 

no differentiation of bound and free levels; besides being labor and animal 

intensive.49,67,132 Microdialysis is one technique that can be used to determine tissue 

levels. It has the advantage of allowing multiple sampling from the extracellular fluid 

from the same spot in the same animal. Therefore, the number of animals required for a 

distribution study is decreased, as well as the variability of the results obtained. 

In this study, microdialysis was used to investigate dexamethasone penetration into 

the muscle of male Wistar rats. It has been shown already that dexamethasone can be 

recovered by microdialysis probe in in vitro conditions (Chapter 4). However, the in vivo 

recovery can be smaller than the in vitro recovery. This difference is due to the tissue 

tortuosity, which plays an important role in the drug diffusion through the tissue 

affecting, therefore, the amount of drug that reaches the probe membrane.9,13,14 The 

average in vivo recovery obtained for dexamethasone was 35.6 +/- 7.9% for both doses, 

while the averaged in vitro recovery was 53.5 +/- 3.7%, confirming the tendency of a 

lower in vivo recovery. Despite the lower recovery, it was still possible to measure 

dexamethasone in the dialysate since a high dose was giving to the animals.  

Due to the low water solubility of dexamethasone and the high dose required in the 

experiments, the phosphate ester was administered to the animals instead. 

Dexamethasone phosphate is known to hydrolyze in vivo by alkaline phosphatases 

releasing dexamethasone.133,134 This process could also be observed in in vitro 
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experiments performed with blank plasma.135 However, the process in vitro is longer 

(longer half-life) than in humans, indicating that the hydrolysis occurs not only in plasma, 

but also in some other organ as liver and kidney.133 The phosphate ester hydrolysis is 

known to be a temperature dependent process and freezing the samples right after 

collection and centrifugation reduces the hydrolysis rate to less than 10%.135 Therefore, in 

order to avoid the in vitro hydrolysis of dexamethasone phosphate after blood sampling, 

the samples were placed on ice and centrifuged thereafter.  

The addition of a phosphatase inhibitor was also tested, in order to completely stop 

any post collection conversion of the ester pro-drug into dexamethasone alcohol. From all 

the phosphatase inhibitors tested, sodium arsenate showed to be more effective. By 

adding 0.5 M sodium arsenate in the proportion if 1:10 to the blood samples, it was 

possible to stop the hydrolysis in vitro. Therefore, the dexamethasone measured in the 

samples would be originated only from the in vivo enzymatic hydrolysis. However, 

sodium aresenate also caused hemolysis of the blood samples and could not be used in 

the study. A test was performed adding sodium arsenate to blood samples obtained from 

one animal. It allowed detecting the presence of dexamethasone phosphate in the 10-

minute sample from this animal. No dexamethasone was detected in the 30-minute 

sample. 

Because at 10 minutes the presence of dexamethasone disodium phosphate was still 

significant, the 10-minute samples were not included in the pharmacokinetics analysis in 

order to avoid interference from the in vitro hydrolysis. It has also been reported that 

dexamethasone phosphate is not present anymore in human plasma 30 minutes after iv 

administration of 8 mg dose.136 
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The non-compartmental analysis of the plasma data was performed using program 

WinNonlin, model 200. The maximum dexamethasone concentration was found at the 

first sample time, around 30 minutes, for most of the animals from both doses. The tmax 

in the muscle happened later than in plasma, around 1.2h and 0.95h for 100 and 50 mg/kg 

doses, respectively. The mean maximum concentration attained for the 100 mg/kg dose 

was slightly lower than twice the Cmax obtained after administration of 50 mg/kg dose in 

plasma and muscle. The difference may be due to the drug administration or to the fact 

that the 30-minute sample might not represent the real peak, since a more frequent 

sampling was not possible at the beginning. The elimination rate constant, volume and 

clearance in plasma were similar for both doses. The AUC0→inf of the higher dose was 

twice as much the lower dose, showing the proportionality of dexamethasone 

pharmacokinetics in the dose range studied. 

The tissue penetration was determined by the ration AUCtissue,free/AUCplasma,free. This 

ratio has been used to determine the tissue penetration of other drugs such as 

antibiotics.73-75,137 Dexamethasone tissue penetration showed a mean value around 1.03, 

which indicates that dexamethasone freely distributes into the muscle. 

The half-life of the free concentration in the muscle seems to be shorter than in 

plasma. However, by looking at the plots, the curves in plasma and muscle look parallel 

for each dose. A statistic analysis did not reveal any significant difference between the 

muscle and plasma half-lives of each dose and for the muscle half-life between doses 

(p<0.05).  

The difference in the half-life could be explained by the number of points and by 

the time range used to calculate the elimination rate constant. Microdialysis does not 
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remove fluids from the animal body and a rich profile with more time points describing 

the elimination phase could be obtained (at most 15 points). Blood sampling can not be as 

frequent as the microdialysis sampling, and the plasma profile obtained had at most 8 

points. Therefore, more time points could be used to calculate the elimination rate 

constant in muscle than in plasma.  

Dexamethasone clearance from the muscle was not significantly different between 

doses; however it was higher than the plasma clearance. The muscle clearance represents 

the clearance of the free fraction and was calculated based on the AUC obtained for the 

free fraction. If the tissue binding were similar to the protein binding in plasma, the 

clearance would go down to 0.50 and 0.49 l/h/kg for 100 and 50 mg/kg doses, 

respectively.  

The volume of distribution for the 100 mg/kg dose showed to be significantly 

higher than the volume at 50 mg/kg. The volume of distribution was calculated by Cl/ke. 

The Cl remained the same for both doses studied, however, the mean ke showed to be 

slightly higher for the 50 mg/kg dose. This difference is causing the volume to be 

different for both doses, despite the non-significant difference observed for ke between 

doses. 

Different models have been used in the literature to model dexamethasone profile 

after the administration of dexamethasone phosphate. While some authors modeled 

dexamethasone profile assuming a simple intravenous input after i.v. administration of 

the pro-drug,136 other authors modeled the profile assuming a first order conversion rate 

of dexamethasone phosphate into dexamethasone alcohol. This model also assumed a 

rapid conversion of the ester pro-drug into dexamethasone.131,133,138 
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The model used in the pharmacokinetics analysis was a one compartmental model 

with a first order conversion rate constant of dexamethasone phosphate. In this model, 

dexamethasone phosphate was considered as a depot for dexamethasone in the blood. 

The pro-drug conversion was assumed to follow a first order process, which occurs very 

rapidly in blood, with half-lives ranging from 5.4 to 9.8 min.131,133 

Although dexamethasone phosphate was administered i.v., only the free 

dexamethasone was measured in the samples. Because the hydrolysis process could not 

be stopped after sampling, no samples were taken before 30 minutes. Therefore, the 

conversion phase is not characterized in the plots, which cause the determination of ka’ 

by the model to have a high variability. The dexamethasone phosphate half-life 

calculated based on the average ka’ is 5.8 minutes, which is similar to dexamethasone 

phosphate half-life in humans reported in the literature.131 

In this model, the elimination rate constant for the total plasma and free tissue was 

assumed to be the same. By looking at the non-compartmental analysis, the ke values for 

the free tissue and total plasma were similar, except to the 50 mg/kg dose. However, this 

difference showed not to be statistically different. The ke obtained in the compartmental 

analysis is similar to the one obtained in the non-compartmental analysis, as well as the 

volume of distribution.  

The tissue penetration factor (F’) and fraction unbound (fu) were included in the 

equation to calculate the free tissue levels. The fraction unbound was fixed in 0.153 

(value obtained from the literature).126 Although the fraction unbound was taken from the 

literature, this value compares to the AUCtisse,free/AUCplasma,total ratio calculated in this 

study of 0.17 and 0.15 for 50 and 100 mg/kg dose, respectively. The F’ was included in 
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the model as a parameter. The F’ calculated in the compartmental analysis is also very 

similar to the value obtained in the non-compartmental analysis. 

The compartmental analysis generated similar PK parameters for both doses. The 

model fitted the data nicely, with a model selection criterion (MSC) of 3.82 and 4.01 for 

the dose of 100 and 50 mg/kg, respectively. 

In conclusion, microdialysis showed to be a suitable technique to study 

dexamethasone penetration into the muscle. Despite the drug lipophilicity and high 

molecular weight, the in vivo probe recovery was still within a good range, allowing 

obtaining concentrations still within the assay limits. By applying microdialysis, it was 

possible to show that free levels in muscle are similar to the free levels in the plasma, 

which indicates that dexamethasone freely distributes in the body. Therefore, 

dexamethasone plasma levels could be used to predict free tissue levels in healthy 

subjects. 
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CHAPTER 6 
CLINICAL MICRODIALYSIS OF CORTICOSTEROIDS 

Introduction 

Microdialysis is a technique that has been used to study drug distribution and 

penetration into peripheral tissues such as brain, heart, muscle, and lung.54  

Microdialysis can also be used to determine the penetration profile of drugs applied 

topically.139 The advantage of using this technique in evaluation of skin penetration are 

the possibility of obtaining a full concentration drug profile in the stratum corneum (SC), 

under the same area of drug application.90 Therefore, variations due to differences in skin 

characteristics will be eliminated. Also, this method is suitable for measuring SC 

concentrations after multiple dose administration at the same site, and suitable to measure 

penetration depth of a compound beyond the SC.1,88,89 

Amongst the drugs available for topical administration are corticosteroids.140 This 

class of compounds has been used in the treatment of skin diseases as well as to treat 

local inflammations such as rheumatoid arthritis.141-143 Dexamethasone phosphate has 

been used in the treatment of rheumatoid arthritis by intraarticular injection, with an 

average duration of action of 6 days. Corticosteroids placed in the join are systemically 

absorbed. Therefore, the side effects usually observed after systemic administration can 

also be observed after intraarticular administration.142 

Oral and intravenous corticosteroids are well known to be effective for the 

treatment of musculoskeletal inflammatory disorders. However, the efficiency of the 

transdermal route for the treatment of localized rheumatoid disorders remains 
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questionable.142 One important piece of information lacking is the assessment whether 

transdermal absorption leads to target tissue concentrations equivalent to those achieved 

by systemic administration.  

Therefore, it was the objective of this study to evaluate the use of microdialysis to 

determine dexamethasone transdermal absorption by performing a pilot study in humans. 

In this study, dexamethasone concentrations in target tissues (corium layer and muscle) 

and in plasma were compared after oral and iontopheretic administration of 

therapeutically relevant dexamethasone doses. 

Materials 

Microdialysis probes (CMA/60) were purchased from CMA/microdialysis, 

Stockholm. The CMA/60 probe has a membrane length of 16 mm and molecular cutoff 

of 20 kDa. The probe was connected to a 1000µl BD plastic syringe by a catheter 

connector (BBraun). A microinfusion pump (Harvard apparatus, model 22, South Natick, 

MA) was used to keep the flow constant through the probe. 

The iontophoresis system was supplied by IOMED Inc. (Salt Lake City, UT). The 

system consisted of a hydratable gelsponge electrode used for the iontophoretic drug 

delivery (IOGEL®), a dispersive pad, and an iontophoretic power supply device 

(Phoresor® PM900). 

The scintillation liquid used in the radioimmunoassay was purchased from ICN 

(Costa Mesa, CA). The rabbit anti-dexamethasone serum was purchased from IgG 

Corporation (Nashville, TN). 
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Methods 

Human Pilot Study 

Subjects 

One healthy male volunteer was used in this pilot study. The selection of the 

volunteer was based on the results from the lab screening, history, and physical 

examination. The study was approved by the Institutional Review Board (IRB-01) of the 

University of Florida. The volunteer signed the Informed Consent Form before the study. 

Study design 

The pilot study followed a randomized, non-controlled, open, crossover trial. 

According to the experiment design, the subject received one of the following three 

treatments:  

(1) a single 8 mg dose of dexamethasone administered orally as two 4-mg tablets 

(Decadron®) or 

(2) 2.5 ml of dexamethasone sodium phosphate 0.4% injection solution 

administered epicutaneously on the thigh by iontophoresis, at a dose of 40 mA-minutes 

applied at 2 mA for 20 minutes.  

After drug administration, microdialysis and blood samples were collected every 20 

minutes up to 1 hour and every hour after that up to 6 hours. 

The wash out period between treatments was at least one week. On each treatment 

day, microdialysis was performed to measure dexamethasone local tissue concentrations. 

Microdialysis 

Two microdialysis probes (CMA/60) were inserted in the volunteer thigh according 

to the manufacturer instructions. Briefly, the probe was introduced in the tissue using a 

guide needle, which is open in the top. After needle insertion, the probe is hold in place 
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by its wing and the needle is slide out of the tissue, leaving the probe in place. One probe 

was introduced into the subcutaneous tissue and another into the skeletal muscle. 

Thereafter, the probe was washed for 30 minutes before the drug administration. 

Dexamethasone dose was administered either orally or topically as described above. 

Microdialysis samples were collected every 20 minutes for the first two hours and every 

hour after it for the next 6 hours. Concentrations versus time profiles in the tissue layers 

were followed for a total of 8 hours. 

Analytical Method 

The standard solutions used in the sample analysis were prepared either in plasma 

or in lactated Ringer’s solution. A stock solution of 100 µg/ml of dexamethasone (stock 

solution A) was prepared in methanol for the analysis of the microdialysis samples. A 

second stock solution of 500 µg/ml of dexamethasone (stock solution B) was prepared in 

methanol and used to prepare the standards for the analysis of the plasma samples. 

The standard curve used in the analysis of the microdialysis samples was prepared 

by diluting the stock solution A in lactated Ringer’s solution in order to obtain the 

concentration of 10 µg/ml. This solution was further diluted to get the concentrations of 

0.1 to 500 ng/ml, used in the RIA assay.  

The standard curve used in the plasma analysis was prepared by diluting stock 

solution B with lactated Ringer’s solution in order to get the concentration of 100 µg/ml. 

This solution was further diluted with plasma to get the concentrations ranging from 0.1 

to 500 ng/ml. 

The samples were analyzed by a modified radioimmunoassay (RIA) described 

elsewhere.144,145 In brief, 50 µl of the standard solution, 100 µl of the antibody solution, 

100 µl of labeled dexamethasone, and 450 µl of buffer solution (pH= 7.4) were mixed in 
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an Eppendorf tube and incubated at 4ºC for 24h. The labeled and cold drug were 

separated by incubation with 200 µl of 1% dextran-coated charcoal for 5 minutes 

followed by a centrifugation at 4000 rpm for 15 minutes, at temperature of 4ºC. The 

radioactivity (CPM) was measured in a 560 µl aliquot of the supernatant.  

The measured radioactivity was plotted against the concentration and the linear part 

of the curve was used to determine the drug concentration in the samples. 

Pharmacokinetic Analysis 

The plasma concentration profile obtained after oral administration was analyzed 

according to a non-compartmental and compartmental approach.  

In the non-compartmental approach, the peak to plasma concentration (Cmax) and 

the time to reach the peak (tmax) were extracted from the concentration versus time plot. 

The elimination rate constant, ke, was obtained from the terminal slope of the log linear 

concentration versus time plot. The area under the concentration-time curve (AUC) up to 

the last time point was calculated according the trapezoidal rule. The AUC to infinity 

(AUC0→inf) was calculated by Equation 6-1. 

ke
CAUCAUC n

t += →→ 0inf0   (Equation 6-1) 

where AUC0→t is the area under the concentration curve to time t; Cn is the last 

concentration measured and ke is the elimination rate constant. 

The AUC of the muscle and corium concentration profile was calculated by a 

modified trapezoidal rule. Because the concentration obtained in the microdialysis 

samples is considered the concentration at the middle point of the collection interval, the 

AUC was calculated as the sum of the dialysate concentration times the collection 

interval. 
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The compartmental analysis was performed using the program Scientist 

(Micromath). The plasma concentration profile was fitted to a one compartment body 

model according to Equation 6-2. 

( )
( )( ) ( )( )( )laglag ttkattke

Vckeka
kaDC −⋅−−⋅− −⋅
⋅−

⋅
= expexp  (Equation 6-2) 

where C is the concentration, D is the dose administered, Vc is the volume in the central 

compartment,  ka is the absorption rate constant, ke is the elimination rate constant, t is 

time, and tlag is the lag time.  

Results 

Human Pilot Study 

The plasma profile obtained after the oral administration of 8 mg oral dose to the 

volunteer is shown in Figure 6-1. The data was fitted to a one compartment body model. 

The pharmacokinetic parameters obtained after the non-compartmental and 

compartmental data analysis are depicted in Table 6-1. No dexamethasone was detected 

in the plasma samples obtained after iontophoretic administration of dexamethasone 

phosphate. 

Figure 6-2 shows the dialysate concentration profile obtained by microdialysis after 

the oral administration of dexamethasone. The AUC calculated by the trapezoidal rule for 

each dialysate profile was 16.9 and 21.3 ng/ml.h for the probe in the muscle and skin, 

respectively. A peak concentration of 4.2 ng/ml was reached at 1.8h in the muscle, while 

a peak concentration of 5.3 ng/ml in the skin was attained at 3.5h. 
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Figure 6-1: Plasma profile obtained after oral administration of 8 mg dose of 

dexamethasone. The solid squares represent the measured concentration and 
the line represents the fitted data according to a one compartment body model. 

Table 6-1: Dexamethasone pharmacokinetic parameters calculated from the plasma 
concentration profile obtained after oral administration of a single oral dose of 
8 mg. 

NON COMPARTMENTAL ANALYSIS COMPARTMENTAL ANALYSIS 

tAUC →0  (ng/ml/h) 455.2 ka (h-1) 2.01 

∞→0AUMC  (ng/ml/h) 976.1 k (h-1) 0.1939 

MRT (h) 2.14 Vc/F (L) 110 

Cmax (ng/ml) 52.6 tlag (h) 0.67 

tmax (h) 1.67 t1/2 (h) 3.6 

ke (h-1) 0.0952   
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Figure 6-2: Muscle and skin dialysate concentration profile obtained after the oral of 8 

mg dose of dexamethasone. 

C
on

ce
nt

ra
tio

n 
(n

g/
m

l) 



103 

 

Discussion 

Dexamethasone is a drug that has been used in the treatment of many inflammatory 

disorders, either orally or topically. The topical administration of dexamethasone would 

provide the advantage of having a high local concentration, but a low systemic 

concentration, causing fewer side effects. However, the efficacy of the topical 

administration of dexamethasone and other anti-inflammatory drugs remains 

controversial.2,90  

In this study, it was possible to assess the tissue distribution of dexamethasone after 

oral administration by applying microdialysis. After oral administration a peak drug 

concentration of 52.6 ng/ml was achieved at 1.7h. The plasma concentration profile was 

fitted according to a one-compartment body model using the program Scientist 

(Micromath). The elimination half-live calculated for this compound was 3.6h, which is 

similar to what has been reported in the literature for humans.131 

Despite the low plasma levels we were still able to measure dexamethasone in the 

MD samples after oral administration. Such low microdialysis concentration was 

expected, since dexamethasone has a protein binding of 77% in humans,126 and only the 

free drug could diffuse through the probe membrane. Therefore, the free peak 

concentration in plasma, considering the protein binding, would be 12.1 ng/ml. Besides 

protein binding, another factor affecting the drug concentration in the dialysate is the 

recovery. Since microdialysis is a dynamic technique, only a fraction of the free levels 

can be sampled by the probe. The in vitro dexamethasone recovery obtained using 

CMA/60 ranged from 66.9 to 88.7% (Chapter 4). However, it is known that the in vivo 

recovery is usually less than the recovery obtained in vitro, which leads to dialysate 

concentrations lower than the observed free fraction in blood. 
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The dialysate concentration profiles obtained from both probes after oral 

administration are shown in Figure 6-3. The probe placed in the skin shows a different 

dialysate profile from the probe placed in the muscle. It seems that the drug takes longer 

to distribute in the skin, showing a longer tmax than the tmax obtained in muscle. It also 

remains in the skin for a longer period of time, since the concentration reaches a plateau 

and no elimination phase is observed in the skin profile. On the other hand, similar AUC 

were calculated for both profiles, which indicates that despite the different profile the 

tissue exposure to the drug is similar.  

After dermal administration by iontophoresis, no dexamethasone was detected in 

the microdialysis samples. There are many factors that could be causing to the 

dexamethasone levels in the microdialysate samples to be very low, even under the 

detection limit of the assay. One factor could be the conversion of dexamethasone 

phosphate into free dexamethasone. Dexamethasone was administered by iontophoresis 

as a pro-drug, and the RIA is a method selective to the free dexamethasone. If the 

conversion of the pro-drug into the free dexamethasone in the skin does not happen, or if 

it happens in a very small scale, the result would be very low dexamethasone levels in the 

microdialysis samples. It is also possible that only dexamethasone phosphate is present in 

the samples, which is not detected by RIA. An attempt was made in order to cause the 

hydrolysis of the phosphate form by adding alkaline phosphatase (P-3895, from Sigma) 

in the samples. However, no free dexamethasone was measured in the hydrolyzed 

samples (data not shown), which could be an indication that there is no dexamethasone 

phosphate in the samples either. 
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If that is the case, then dexamethasone levels attained after iontophoretic 

administration are below the therapeutic levels to claim an anti-inflammatory effect in the 

subcutaneous and muscle tissues. However, on the day of experiment, a good blanching 

effect was observed on the skin, which is an indication that dexamethasone was released 

from the patch. Some in vitro studies using hairless mouse skin have also shown that 

dexamethasone can be delivery from the patch by iontophoresis in vitro.146 Therefore, it 

is possible that the drug can not penetrate into deeper layers of the skin, resulting in a 

more superficial effect. 

In conclusion, the results here show that microdialysis can be performed to study 

dexamethasone after oral administration, despite the low levels observed in the 

microdialysis samples. On the other hand, no dexamethasone was detected in the 

dialysate after iontophoretic administration of dexamethasone phosphate, which is an 

indication that the drug can not get through the skin layers in a concentration high enough 

in order to achieve pharmacological effect. 
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CHAPTER 7 
CONCLUSION 

The development of a microdialysis method for new compounds requires that in 

vitro experiments be performed first. The recovery obtained by in vitro methods 

represents the maximum recovery that can be obtained for a specific compound. If the in 

vitro recovery shows low values, the compound might not be suitable for in vivo 

microdialysis. In this study, the in vitro results showed good recoveries for all steroids 

tested, with exception of beclomethasone dipropionate and fluticasone propionate. When 

the lipophilicity and molecular weight were compared to the average recovery of each 

steroid tested, no correlation was found. It seems that these two factors do not have a 

great impact on the recovery, at least for the range studied. The probe membrane is 

another important factor in microdialysis. The dexamethasone recovery obtained for two 

different probes, CMA/20 and CMA/60, showed that longer membranes result in higher 

recovery, which would be expected due to the increase in the surface area available for 

diffusion. 

Lower recoveries were obtained for dexamethasone in the in vivo experiment. The 

in vivo recovery is generally lower than the in vitro one due to tissue tortuosity. 

However, the dialysate levels were still within the assay quantification range. The in vivo 

recovery was assumed to be constant throughout the experiment. Microdialysis allowed 

determining the free dexamethasone concentration in the muscle after the administration 

of a single dexamethasone phosphate dose. The free muscle and free plasma profiles were 

similar up to the last time point, which demonstrate that dexamethasone freely distributes 
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into the muscle. It also confirms the assumption that the recovery was constant 

throughout the experiment. 

Dexamethasone muscle levels obtained in animal experiment were above the 

therapeutic range due to the high dose administered to the animals. In the clinical study, 

the dexamethasone dose administered to the volunteer was the same dose indicated for 

therapeutic effect. Lower plasma levels were obtained due to the low dose given, which 

resulted in much lower dialysate concentration. The assay sensitivity in this study was the 

determinant factor in assessing the feasibility of using microdialysis in a clinical setting. 

The radioimmunoassay was found to be very sensitive, with a lower detection limit of 0.5 

ng/ml; however it also showed to have a high variability. Despite the low plasma levels, 

it was still possible to detect dexamethasone in the dialysate obtained after oral 

administration of dexamethasone tablets, which shows that microdialysis can still be used 

to measure free levels in muscle at therapeutics levels. On the other hand, no 

dexamethasone was detected after topical administration of dexamethasone phosphate by 

iontophoresis, which could probably be due to no transdermal absorption of the 

compound. 

In summary, microdialysis is a useful technique to study the drug penetration into 

different tissues, such as muscle and skin, in pre-clinical and clinical settings. 
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APPENDIX A 
DOCETAXEL INDIVIDUAL NO-NET-FLUX PLOTS 
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Figure A-1: Plot of the net change in the concentration between perfusate and dialysate 
versus the perfusate concentration. The slope of the curve represents the 
recovery and the intercept with the x-axis represents the free plasma 
concentration in the vial 
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APPENDIX B 
INDIVIDUAL PHARMACOKINETICS PARAMETERS OBTAINED IN THE NON-

COMPARTMENTAL ANALYSIS OF TH EPLASMA AND MUSCLE PROFILE 

Table B-1: Pharmacokinetics parameters obtained in the non-compartmental analysis of 
the individual plasma and muscle profiles obtained after the administration of 
a 50 mg/kg dose. 

50 mg/kg 
 

Rat Cmax 
(mg/l) 

tmax 
(min) 

ke  
(min-1) 

t1/2 
(min) 

Vz/Fr 
(l/kg) 

Cl/Fr 
(l/h/kg) 

AUC0→inf 
(g/l/min) 

AUMC0→inf 
(g/l/min) 

MRT 
(min) 

1 16.7 60 0.0036 192.1 2.54 0.5490 5.462 1625.692 297.6 

2 19.2 30 0.0027 252.8 2.86 0.4698 6.384 2383086 373.3 

3 21.5 30 0.0020 356.0 2.52 0.2940 10.202 5325.695 522.0 

4 25.7 30 0.0024 288.4 2.53 0.3648 8.230 3455.470 419.9 

5 25.7 30 0.0064 107.6 1.52 0.5886 5.098 931.898 182.8 

PL
A

SM
A

 

6 19.4 30 0.0020 342.2 3.19 0.3876 7.740 3836.554 495.7 

1 3.3 70 0.0042 165.8 10.75 2.70 1.112 309.015 277.7 

2 3.1 50 0.0031 222.2 13.27 2.48 1.207 409.047 338.7 

3 3.9 70 0.0052 133.8 11.13 3.46 0.867 176.239 203.2 

4 3.0 30 0.0043 162.4 12.96 3.32 0.904 238.266 263.6 

5 2.7 70 0.0072 96.2 10.65 4.59 0.653 119.284 182.6 

M
U

SC
L

E
 

6 3.5 50 0.007 99.2 9.08 3.81 0.788 149.231 189.4 
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Table B-2: Pharmacokinetics parameters obtained in the non-compartmental analysis of 
the individual plasma and muscle profiles obtained after the administration of 
a 100 mg/kg dose.. 

100 mg/kg 
 Rat Cmax 

(mg/l) 
tmax 
(min) 

ke  
(min-1) 

t1/2 
(min) 

Vz/Fr 
(l/kg) 

Cl/Fr 
(l/h/kg) 

AUC0→inf 
(g/l/min) 

AUMC0→inf 
(g/l/min) 

MRT 
(min) 

7 31.8 30 0.0004 1579 3.79 0.0996 60117.9 137528.28 2287.6 

8 31.7 120 0.0104 66.8 1.51 0.9402 6381.8 905.387 141.9 

9 36.8 30 0.0014 497.2 3.28 0.2748 21851.1 15930.036 729.0 

10 34.1 30 0.0050 138.3 2.39 0.7194 8339.2 1812.630 217.4 

11 34.8 30 0.0023 296.3 2.73 0.3828 15661.9 6976.883 445.5 

12 38.1 30 0.0024 292.4 2.63 0.3744 16029.1 7131.117 444.9 

13 49.5 30 0.0019 365.6 2.36 0.2682 22390.8 11755.958 525.0 

PL
A

SM
A

 

14 41.9 60 0.0031 224.6 2.09 0.387 15506.5 5264.973 339.5 

7 6.2 110 0.0052 132.9 15.18 4.75 1.264 301.171 238.4 

8 6.3 90 0.004 174.2 11.62 2.77 2.164 646.425 298.7 

9 4.9 50 0.0052 133.1 16.79 5.24 1.144 239.405 209.3 

10 3.1 70 0.0033 207.2 26.6 5.34 1.124 354.515 315.4 

11 5.8 30 0.0053 131.9 13.94 4.39 1.366 274.476 200.9 

12 4.4 90 0.0026 266.3 20.67 3.23 1.859 746.483 401.5 

13 6.4 50 0.0033 207.3 12.55 2.52 2.383 769.561 322.9 

M
U

SC
L

E
 

14 5.4 70 0.0025 282.5 15.23 2.24 2.677 1163.910 434.8 
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APPENDIX C 
INDIVIDUAL PHARMACOKINETICS PARAMETERS OBTAINED IN THE 

COMPARTMENTAL ANALYSIS OF TH EPLASMA AND MUSCLE PROFILE 

Table C-1: Average pharmacokinetics parameters obtained after the fitting of the 
individual plasma and microdialysis profiles using the one compartment body 
model. 

DOSE Rat ka’ (min-1) ke (min-1) t1/2 (min) V/Fr (l/kg) F’ MSCa 

1 0.0573 0.0039 178 2.4 1.31 4.78 

2 0.1344 0.0033 210 2.5 1.14 4.17 

3 0.1411 0.0025 273 2.3 1.03 4.11 

4 0.1354 0.0054 128 1.7 0.82 3.31 

5 0.0864 0.0055 126 1.7 0.76 3.92 

50
 m

g/
kg

 

6 0.1682 0.0029 236 2.6 1.11 3.76 

7 0.2002 0.0025 281 2.0 0.64 4.07 

8 0.0665 0.0033 213 2.0 0.91 5.12 

9 0.1506 0.0036 191 3.1 0.97 2.61 

10 0.0421 0.0056 125 2.3 0.65 2.74 

11 0.1461 0.0045 153 2.6 1.07 3.45 

12 0.0699 0.0046 150 2.4 0.85 4.41 

13 0.1359 0.0018 394 2.9 1.17 4.17 

10
0 

m
g/

kg
 

14 0.1521 0.0022 322 2.7 1.03 4.01 
a model selection criteria 
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APPENDIX D 
INDIVIDUAL PLASMA AND FREE MUSCLE PROFILES 
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Figure D-1: Average plasma and free muscle profiles obtained after the i.v. 
administration of 50 mg/kg dose of dexamethasone disodium phosphate. The 
symbols represent the measured concentrations and the line represents the 
fitted profile according to the model described in Chapter 5. 
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Figure D-2: Average plasma and free muscle profiles obtained after the i.v. 
administration of 100 mg/kg dose of dexamethasone disodium phosphate. The 
symbols represent the measured concentrations and the line represents the line 
represents the fitted profile according to the model described in Chapter 5. 
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