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6 In vitro model of glucose
recovery by
microdialysis

6.1 Introduction
The in vivo sampling of substances in tissue by dialysis has evolved after it’s
introduction in the mid sixties, into a major research tool in experimental
psycho-pharmacology and neuropathology [252-254]. In addition, micro-
dialysis has established a wide application in the monitoring of metabolic
processes in peripheral tissue during the past 15 years [221-227, 240, 255,
256]. For instance, the insertion of a microdialysis probe in muscle or in sub-
cutaneous adipose tissue provides an opportunity to monitor glucose con-
centration changes almost in real-time. The technique is used to obtain a
better understanding of the dynamic glucose changes in relation to physio-
logical responses and medication. Although microdialysis as a technique has
been available for more than 15 years, it was not until 1990 that a more gen-
eral theoretical framework for microdialysis was suggested by Bungay ������
[257]. Before this time, the use of the technique was primarily empirical
[245]. Bungay proposed a model comprising the effects of both in vitro
parameters as well as the properties of the external in vivo�medium of the
microdialysis membrane� For a proper interpretation of measured data, a
solid understanding of both qualitative and quantitative processes in micro-
dialysis are needed. In this chapter the quantitative processes of microdialysis
will be discussed and an attempt is made to answer the question to what
extent in vitro calibrations can be used for in vivo measurements, e.g. how
are the absolute concentrations of glucose at the site of measuring quanti-
fied? This chapter deals with the qualitative and quantitative aspects of
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microdialysis in vitro�and in particular with a model respectively with mem-
brane parameters of the microdialysis probe used in the glucose measure-
ment system described in the present thesis.

6.2 Theoretical background
The principle of dialysis is based on diffusion where molecules are moved
down the concentration gradient existing between two compartments that
are separated by a semipermeable membrane (Fick’s law). We speak of
microdialysis if one of the two compartments is significantly smaller in com-
parison to the other compartment and the fluid within this compartment is
constantly renewed. Typically, a microdialysis probe has as basis a small
cylindrical dialysis membrane connected to in- and outlet tubing. The
inside of the dialysis tube is perfused constantly with a fluid, e.g. saline or
Ringer solution, while the outside of the membrane is in direct contact
with the medium of interest [242]. The outgoing fluid can be analysed on
the substance of interest after fractional collection or analysed on-line, as is
the case with the glucose measurement system described in this thesis. Sev-
eral authors describe the relationship between the flow rate in the dialysis
tubing, the membrane area and mass exchange [242, 258, 259]. Ungerstedt
�������introduced the concept of recovery in microdialysis [260]. If a dynamic
equilibrium in concentration is established between the two compartments,
the ratio between these concentrations is defined as recovery. The relative
recovery is obtained if volume concentrations are used and is inversely
dependent on the flow rate e.g. at increasing flow rates samples are more
diluted.

In formula:

Equation 6-1. Recovery. Cout is the concentration of substance of
interest in out flow; C∞ is the undisturbed concentration of the
substance of interest in the medium.
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Conversely, at higher flow rates the absolute amount of mass removed from
the medium of interest increases until a maximum diffusion flux is reached.
Thus, the absolute recovery is defined as the units of mass removed per time
interval.

Jacobson ������ gave a mathematical model which described recovery as a
relationship between flow rate, membrane area and mass exchange, assum-
ing the flow in the dialysis tube to be laminar and ignoring diffusion in the
direction of the flow [245]:

Equation 6-2. Mathematical model of Jacobson et al. describing
recovery. Km is average mass transfer coefficient, S is membrane
surface area and Q is the flow rate used.

In this model, the average mass transfer coefficient is assumed to be constant
and does not vary with the flow rate in the range of 0.5-10 µL/min. The
extracellular concentrations of the substance of interest can be found by
measuring the 	

���
�at various flow rates and applying the experimental data

to the following equation (rearrange equation 1-2):

Equation 6-3. Rearranged equation 1-2, n is the number of measurements.

A non-linear fit of the experimental in vivo data is used to obtain the prod-
uct 


�
� and 	∞ is the apparent extracellular concentration. The 


�
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is an overall mass transfer coefficient combining the mass transfer coeffi-
cients in the dialysate, membrane and tissue.
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The general theoretical framework for microdialysis suggested by Bungay ��
��� is an expansion of the model of Jacobson ������ In this model an attempt
is made to further specify the mass transfer coefficient from physical and bio-
chemical processes occurring in vivo. Bungay introduces a new variable, an
overall probe and external medium permeability (�).

The mass transfer coefficient used by Jacobson is equivalent to the permea-
bility used by Bungay ������:

Equation 6-4. Permeability as defined by Bungay. Rm, Rd and Re are
successively the mass transfer resistance in the dialysis membrane,
dialysate and the external medium.

Substituting this in equation 1-2 will give:

Equation 6-5. Recovery according Bungay. Substitution of permeability
coeffiecient in equation 1-2.

The parameters for �� and �� are functions of membrane dimensions,
porosity and diffusion coefficients in the membrane and dialysate. In a well
stirred medium �� is zero whereas in tissue �� is a function of the volume
fraction of extracellular fluid, the membrane area, effective diffusion coeffi-
cient (including tortuosity and hindered diffusion effects in tissue), metab-
olism and exchange processes. Unfortunately, most parameter values are as
yet unknown. In addition, the effects of blood-flow and blood circulation
in the tissue around the probe are considered static and are not included in
this model. Although the in vitro performance of a microdialysis probe is
well characterised, the Bungay model has limited application in vivo.
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In the glucose monitoring system described in the present thesis, microdi-
alysis is used to recover glucose from the subcutaneous adipose tissue. In the
succeeding paragraph a model is presented comprising the in vitro charac-
teristics and membrane parameters of the microdialysis probe used in the
sc-gms. From both experimental in vitro data and in vivo data, a mass
transfer coefficient for glucose in abdominal adipose tissue is estimated.

� In vitro model of microdialysis probe
A microdialysis probe configuration is considered with the dialysis tube
connected with in- and outlet tubes in a serial arrangement and, for sim-
plicity, operating under steady-state conditions. The basis of the model is
the empirical relation of Jacobson ������ It is assumed that the membrane
structure is symmetric along the total membrane length. The dialysis mem-
brane has an annular shape and cylindrical pores. These pores take up a cer-
tain fraction of the total membrane area and not all pores are positioned
perpendicularly on the z-axe of the probe. Porosity is the fraction of the
membrane that exists as pores whereas the tortuosity accounts for an
increased path length of diffusion due to bending of the pores compared to
the shortest “straight-through” pores.

The mass flow through the microdialysis probe and the external medium is
characterised using the mass transfer resistance concept, which expresses the
proportionality between a concentration driven force and the resulting mass
flow. As mentioned in the preceding paragraph, the mass transfer resistance
is a sum of the individual resistance to solute movement in the dialysate,
membrane and external medium. The overall probe resistance, in the dia-
lysate and the membrane, is best studied in a perfectly mixed external
medium (�����= 0).

The flow inside the tube is slow enough to be laminar. This is true if the
Reynolds number, �� = 2Q/(��)< 2300. At a flow rate of 10 µL/min =
1.67·10-10 m3sec-1, a tubular membrane radius at moistly conditions of
����	� = 0.190 mm and a kinematic viscosity of water, ��= 10-6 m2sec-1 the
Reynolds number is �� = 0.55, which is far lower than 2300. For simplicity
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of the model, the glucose mass flow resistance in the dialysate is considered
static according the Sherwood relation [261]:

Equation 6-6. Sherewood relation.

The overall in vitro mass transfer coefficient is expressed by:

Equation 6-7. Overall in vitro mass transfer coefficient.

The reduced recovery profile by the probe can be mathematically formu-
lated as (see also equation 6-2, page 107):

Equation 6-8. Mathematical formulation of reduced recovery profile by the probe.

The transmembrane mass flow is described using the geometric membrane-
parameters in combination with a pore-model of the membrane where the
diffusion of the solute within the accessible volume fraction is characterised
by the effective diffusion coefficient of glucose. If reversible binding to the
membrane surface is excluded, the effective diffusion coefficient incorpo-
rates the effects of tortuosity and hindrance. Hindered diffusion of a solute
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in a pore can be described by hydrodynamic theory. The solute hindrance,
a combination of sterical exclusion and sterical hindrance is described by the
relation of Ferry-Faxén [262, 263].

Figure 6-1. Membrane geometry used in model.

6.3 Experimental

� Determination membrane parameters
The membrane geometry, e.g. length (�), wall thickness (λ ) and inner
diameter (��
� ) of the tube (figure 6-1) were determined under moist con-
ditions using a magnifier (Nikon SMZ-U zoom max 75x) and a slide with
precision ruler.

The porosity of the membrane was determined by precise measurement of
the membrane length under dry and moist conditions using the magnifier
and slide with precision ruler. The membrane porosity is given by the quo-

Table 6-1. Membrane characteristics.

Membrane properties

Material Cellulose acetate

MWCO (Dalton) 18,000

Wall thickness-moist (µm) 10.0

Inner diameter (µm) 190.0

Dint
Inlet

membrane (Length = L)

�
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tient of the membrane volume under dry condition and moist condition.
Table 6-1 (page 111) shows the properties of the membrane used.

The overall in vitro mass flow coefficient was determined using in vitro
recovery data of glucose. The recovery was determined using microdialysis
probes with various membrane lengths (1.0, 2.5, 3.1 and 3.5 cm) at various
flow rates (0.5-20.0 µL/min). A standard high-precision syringe pump
(BAS-bee, USA) was used to perfuse the probes. Glucose concentrations in
the dialysate were measured photometrically using a standard hexokinase-
glucose detection method (D-glucose kit, Boehringer Mannheim). Figure
6-2 shows the in vitro recovery of glucose of two different microdialysis
probes at different flow rates.

Figure 6-2. In vitro recoveries of two microdialysis probes. Membrane length
3.5 cm (� ). Membrane length 1 cm ( ◊). Dotted lines are plots of theoretical
predictions from equation 6-8.

To determine the unknown overall in vitro mass transfer coefficient, recov-
eries found have been used to fit to equation 8 (Mathcad® 6.0, minimal
error method). Fitted values for ��� are listed in table 6-2.
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The hydrodynamic permeability of the membrane can be calculated by the
following equation:

Equation 6-9. Hydromnamic permeability of the membrane.

However, the pore-diameter (��) and tortuosity (τ ) of the membrane are
not known. Experimentally, a hydrodynamic membrane permeability (��	�)
of 1.15·10-20 m2 was found.

To calculate the effective diffusion coefficient for glucose in the mem-
brane the following relation is used: 

Equation 6-10. Effective diffusion coefficient for glucose. R1= 0.5 ·Dint
and R1= 0.5 ·Dint + λ .

The coefficient � is the mean mass transfer coefficient for glucose, calcu-
lated from the fitted ��� values. The coefficients��� and �� are necessary to

Table 6-2. fitted values for kov

Membrane lenght (cm) Estimated Kov (m/sec)

1.0 2.79 ·10-6

2.5 5.56 ·10-6

3.1 3.63 ·10-6

3.5 3.65 ·10-6
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account for the cylindrical geometry of the membrane. Applying equation
6-10, an effective diffusion coefficient of 3.49·10-11 m2sec-1 was calculated.

Knowing the effective diffusion coefficient of glucose in the membrane
together with the diffusion coefficient of glucose in water, the hindrance of
glucose by the membrane can be calculated according:

Equation 6-11. Hindrance of glucose by membrane.

A hindrance factor of 0.054 is found after entering the values of and
. The hindrance together with the value found of the hydrodynamic

membrane permeability (�
�	�

) were subsequently used to fit to the relation
of Ferry-Faxén:

Equation 6-12. Relation of Ferry-Faxén
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where 

Equation 6-13.

Using the minimal error fitting method in Mathcad® 6.0 software, the tor-
tuosity (τ ) and pore size (��) could be estimated. Fitted value of τ  = 1.98
and �� = 5.23·10-9 m where found. Table 6-3 summarises experimental and
calculated parameter values.

� Estimation of kext
As mentioned in preceding the paragraphs, in vivo measurements with a
microdialysis probe yields an overall in vivo mass transfer coefficient (�����).
The found ����� is a summation of the mass transfer coefficients of glucose
in the dialysate (��
� ), membrane (�� ) and external medium (���� ). A
number of the microdialysis probes used to determine the overall in vitro
mass transfer coefficient where implanted in the abdominal adipose tissue of
four healthy volunteers (see chapter 7 for a detailed description of these
experiments). By measuring the in vivo recovery of glucose at different flow
rates, the ����� for the individual probes could be calculated according the
method of Jacobson ��� ��� [245]. This was done, using recovery data of
probes that were implanted for at least a week. The slope between 1/flow

Table 6-3. Experimental and calculated parameter values.

Parameter Value

Porosity 0.40

Best 1.15 ·10-2 m2

IDest 3.49 ·10-11 m2sec-1

Hindg 0.054

τ 1.98

dp 5.23 ·10-9m

λ �
�
�
�

( , )
�
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�

-----=
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and -ln·(1-recovery) corresponds to the overall mass flow resistance for glu-
cose in vivo. 
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Using the slopes of the various probes, an overall in vivo mass transfer coef-
ficient can be calculated according:

Equation 6-14. Overall in vivo mass transfer coefficient.

Knowing the ����� and the mean in vivo mass transfer coefficient, the ���� in
the abdominal adipose tissue can be calculated according:

Equation 6-15. Mass transfer coefficient in the abdominal adipose tissue.

Found values of ���� for the individual membrane lengths are shown in
table 6-4.

6.4 Discussion and Conclusion
This chapter provides a mathematical model of the microdialysis probe used
in the sc-gms. The experimentally obtained in vitro glucose recoveries for
two probes are well related to the theoretically predicted values. By fitting
experimental in vitro recovery data, several membrane parameters could be

Table 6-4. found vales of kext

Membrane length (cm) Found kext

1 1.32 ·10-6

1.5 1.36 ·10-6

2.5 9.63 ·10-7

3.1-3.5 1.28 ·10-6
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obtained. The mean pore diameter found of 5.23·10-9 m is about a factor
10 larger in magnitude than the diameter of a glucose molecule (� =
7.03·10-10 m, estimated using the Stokes-Einstein relation). The membrane
manufacture provides in the membrane data-sheets a molecular weight cut-
off (mwco) of 18,000 Dalton. If for comparison, the molecule diameter of
an amylose polymer (mw 18,000 Dalton; flexible from) is calculated, a value
for amylose of 4.4·10-9 m is found.

Several authors have described the recovery of glucose using a logarithmic
relation of perfusion rate, membrane surface and mass transfer coefficient
[237, 252, 258]. Jacobson ������ takes an empirical approach to describe the
recovery of a solute in vivo [245]. Jacobson used this model to estimate the
apparent extracellular concentration of aminoacids in the olfactory bulb of
rabbits. Assuming that the mass transfer coefficient is constant and does not
vary with the flow rate and that the dialysis membrane is the major diffusion
barrier, the can be estimated. In practice, the recovery of the solute is
measured at various flow rates where the slope between the recovered con-
centration versus the flow rate corresponds to the 
and the is the intercept at zero flow. Bungay gives a detailed description
of the solute recovery by a microdialysis. He also attempts to describe the
external solute resistance in terms of solute binding to tissue, tissue tortuos-
ity and metabolic transformation. He calculates from in vivo data from lit-
erature that the tissue resistance is much higher than the membrane
resistance. Therefore he proposes the existence of a spatial concentration
profile of the solute around the probe when applied in vivo. However, for
small molecules like glucose, the spatial influence may be negligible. It is,
however, unclear if the calculated tissue resistance value is justified. Most
process and parameter values used in the calculations of the tissue resistance
are still unknown.

Using the experimentally found parameter values, the mass transfer coeffi-
cient for glucose in vitro was calculated. After applying the microdialysis
probes in four healthy subjects, the overall in vivo mass transfer coefficient
could be calculated. Knowing the overall mass transfer coefficients under in
vitro and in vivo conditions, the mass transfer coefficient of glucose in the
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adipose tissue could be calculated. If the values found for �
��

 and �
���

 are
compared, it is clear that the main solute resistance is in the membrane. The
results show that the estimated tissue resistance is a factor three lower than
the membrane resistance. This has the advantage that glucose depletion
from the tissue around the probe is minimal and does not adversely influ-
ence the glucose recovery in the flow range (0.5-20 µL/min) used in the
experiments.
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