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Measuring drug concentrations using pulsatile microdialysis:
Theory and method development in vitro
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Abstract

A novel method of rapidly sampling drug concentrations, based on pulsatile microdialysis (PMD), was developed. In PMD,
a dialysate fluid is pumped into a microdialysis probe, allowed to occupy the probe while at rest for some time, and then
flushed at a high rate. A model that is based on a Fick’s Laws was solved and tested, using methazolamide (MTZ) as the test
drug in a variety of experimental setups, including time-dependent donor concentrations. Calibration plots of the donor versus
sample concentrations were linear. There was excellent agreement between the calculated and experimental values of the fraction
recovered obtained from the calibration plots. In a system for which the donor concentration declined in a first order manner,
the data obtained using PMD and direct sampling of the donor were in nearly exact agreement with the theoretical value of
k= 0.09 min−1. PMD was also able to collect data points quickly enough to characterize the rapid binding kinetics of MTZ by
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ctivated charcoal. It was concluded that PMD is an accurate method of sampling drug concentrations, and can obta
ver shorter time intervals and more frequently than previously available methods.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Microdialysis is becoming a standard technique for
n vivo and in vitro analysis of drug and biochemical
oncentrations (Stenken et al., 2001). In this method, a
hort length of tubing that is highly permeable to water
nd small molecules (the microdialysis probe window)
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is connected to impermeable tubing and put in c
tact with donor fluids for which drug concentratio
are to be sampled. A sampling solution (dialysate
convected through the probe, and the drug pass
diffuses into the dialysate from the donor med
(Rojas et al., 2000). The collected samples are a
lyzed for drug content, and the concentration of d
in the donor medium is then determined from
information.

In the standard microdialysis method, the dialy
is continuously perfused through the probe at a con
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flow rate. This will be referred to as continuous
flow microdialysis (CFMD). At typical flow rates of
0.5–2.0�L/min, the time required to collect samples
(typically 20�L or more) is relatively long, and the
time resolution (the ability to associate a specific con-
centration with a specific time or a short time inter-
val) is poor (Bolinder et al., 1993; Hildingsson et al.,
1996). As a result, CFMD is not well-suited for study-
ing systems in which the donor concentration changes
rapidly, such as in vitro binding or cellular drug up-
take kinetics (Iyer et al., 1999). On the other hand,
the microdialysis membrane acts as a filter and elimi-
nates the need for pre-assay separation steps (Linhares
and Kissinger, 1992, 1994; Ungerstedt, 1991), dur-
ing which the binding and/or uptake processes would
have continued. Thus, it is apparent that a microdial-
ysis method that is capable of good time resolution is
desirable.

To attain this goal, a novel method has been devel-
oped, which will be referred to as pulsatile microdialy-
sis (PMD). In this method, the dialysate is pumped into
the probe window at a high flow rate, subsequently
allowed to occupy the probe while at rest for a pe-
riod referred to as the resting time, and then flushed
out at the same flow rate. If this is done in a repeated
fashion, it mimics the mechanics of pulsatile flow in
a cylindrical tube (Womersley, 1955; Zamir, 1996).
Since any portion of the dialysate only accumulates
drug while it is within the probe window, the PMD
method offers the advantage of sampling the donor
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2. The pulsatile microdialysis mathematical
model

The relationship between concentrations of the drug
in the donor fluidCD and the dialysate sampleCS
is characterized by the fractional recoveryFR. For a
dialysate that is initially void of drug, this is defined as
(Bouw and Hammarlund-Udenaes, 1998; Stahle, 2000;
Alexander and Julie, 1999)

FR = CS

CD
(1)

A number of factors influence theFR, including the
temperature (Rojas et al., 2000), dialysate flow rate
(Meyerhoff et al., 1993; Kemer et al., 1993; Hashiguchi
et al., 1994), probe length (Stenken et al., 1993),
and the physical properties of the drug (de Lange et
al., 2000), dialysate (Cussler, 1997) and membrane
(Starzak, 1984). A model calculating these effects for
PMD is presented below for the case of a stirred donor
for which the donor concentration remains constant
during the time in which an individual sample is taken.

The microdialysis setup is shown inFig. 1, which
illustrates a probe window made of a highly permeable
tube of constant inner radiusa, lengthL and volume
VW. In the most general case, microdialysis can be de-
scribed in cylindrical coordinates as a transport of drug
that occurs by a combination of passive diffusion in the
radial direction, and convection plus passive diffusion
in the axial direction. This is written mathematically as
(

F able
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oncentration in a well-defined time interval that
lso be short (due to the high surface-to-volume r
icrodialysis probes). The PMD experimental pro
ure can be optimized by choosing the resting t

o be long enough to give measurable drug conce
ions in the sample, yet short enough to provide
esired time resolution. In addition, a high flow rat
sed so that the exposure time of the flowing sam

s short compared to the rest time, and the sample
me can chosen to completely collect the dialysate
as at rest in the probe window while minimizing
ilution.

In this study, the PMD method was developed
erimentally and mathematically modeled. The mo
as validated using experimental data for constan

ime-varying donor concentrations, and the equat
erived from the model were used for data interpr

ion and optimization of the experimental procedu
Crank, 1975)
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ig. 1. Schematic diagram of microdialysis probe. The perme
ubing (probe window) is represented by the broken lines and th
ermeable tubing is represented by the heavy solid lines. The l
f the probe window isL and the inner radius isa. The centerlin
r = 0) is represented by the dashed line. The thickness of the
indow, which is the difference between the outer and inner rad
enoted byh.
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HereC is the concentration of the dialysate inside the
probe at a given position and time,D the diffusion co-
efficient of the drug in the dialysate, andvz is the axial
velocity, which in general is a function ofr but is typ-
ically (i.e., for CFMD) held constant with respect to
time. On the right hand side of Eq.(2), the first term
represents the effects of convection, while the second
and third terms represent the contribution the axial and
radial diffusion, respectively.

For the case of PMD, Eq.(2) can be simplified as
follows.

• The exposure time of the sample is chosen to be
short enough to neglect axial diffusion. From the
theory of separation of variables, for a tube of radius
a, the relaxation time characteristic of the approach
to equilibrium for diffusion in the radial direction
is ∼a2/D (Carslaw and Jaeger, 1985). From random
walk theory, the average distance traveled by dif-
fusing molecules during a time intervalt is ∼√

Dt

(Reichl, 1980). When the exposure time is compa-
rable to the relaxation time, the average axial dis-
tance traveled due to diffusion is∼a. Sincea�L
for microdialysis probes, axial diffusion will have a
negligible effect on the mass balance in the sample.

• While the dialysate is stationary in the probe,vz = 0
and the convection term can be ignored. Even when
the dialysate is being flushed, the exposure time for
the flowing sample is short enough so the axial gradi-
ent does not have time to develop, and thevz(∂C/∂z)
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into the dialysate is proportional to the concentration
difference across the wall of the probe window. The
proportionality factor is the permeabilityP of the
probe window, and is assumed to remain constant.
For the probes used here, it can be assumed that the
drug does not partition into the probe material, and
thus permeates the probe window wall exclusively
through pores. If the donor and receiver media are
similar, the partition coefficients between the pore
medium and the donor or dialysate may be taken
as unity. Thus, denoting the probe window porosity,
thickness (difference between the outer and inner
radii) and tortuosity byε, h andτ, respectively, the
permeability of the window is given by

P = εD

τh
(4)

Thus, the initial and boundary conditions are written
mathematically as follows:

Initial condition : C(r, 0) = 0, t = 0
Boundary conditions :

−D
∂C

∂r
= P(CD − C), r = a

C(0, t) = finite, r = 0

(5)

Using the separation of variables method, Eqs.(3)
and (5) can be solved to give the concentration in a
volume element of dialysate at a given radius as

C(r, t) = CD

[
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From the above considerations, Eq.(2) reduces to
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(3)

hich requires one initial condition and two bound
onditions for its complete solution. The initial con
ion is that the dialysate is initially void of drug wh
t enters the probe window. The boundary conditi
re obtained from the following considerations:

The donor concentrationCD is constant during eac
sampling period.
The drug concentration is finite everywhere in
microdialysis probe.
The dialysis tube wall is very thin and highly p
meable, so pseudo steady state in the wall is e
lished quickly. Thus, the flux of drug from the don
n=1
(βn + λ )J0(βn)

× exp

(
−β2

nDt

a2

) ]
(6)

eret is the length of time that a given volume elem
f dialysate was in the probe window (the expos

ime).J0 andJ1 are the zero-order and first-order Bes
unction of the first kind, respectively (Carslaw and
aeger, 1985; Ozisik, 1989), and theβn are the roots o
he equation

nJ1(βn) − λJ0(βn) = 0 (7)

here

= aP

D
= aε

τh
(8)

Values ofβn have been tabulated for various v
es ofλ and n in the literature (Crank, 1975), and
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can also be calculated from Eq.(7) using the nonlinear
solvers included with spreadsheets such as EXCEL®.
The second equality in Eq.(8), which was obtained
using Eq.(4), shows thatλ depends on properties of
the probe window, but not properties of the drug or
solvent.

The total amount of drug collected by the dialysate
in the probe window after a given exposure time is
found by integrating the concentration over the vol-
ume of the sample. Since the axial dependence is ne-
glected in the mass balance, the mass in a sample
of volumeV with an exposure timet can be found
from

M = V

πa2

∫ a

0
2πrC(r, t) dr (9)

Not all parts of a collected dialysate sample will be
exposed to the donor for the same length of time, and
two portions must be considered. One portion of the
sample (referred to as the continuous portion) flows
through the probe window without resting. The other
portion (referred to as the pulsed portion) is pumped
into the window, allowed to remain at rest for a rest-
ing time tR, and then pumped out. For the continuous
portion, the dialysate exposure time is simply the tran-
sit time tQ required for an element of fluid to move
through the probe window. The exposure timetP for
the pulsed portion is the sum of the resting and transit
times. These are given by

t

t

w s,
f a
v l
e as
a
a g
t
a ow
V
p
b
i

M

where

MP = VWCD

[
1 −

∞∑
n=1

δn exp(−γntP)

]
(11)

MQ = (VS − VW)CD

[
1 −

∞∑
n=1

δn exp(−γntQ)

]

(12)

The constantsγn areδn are given by

γn = β2
nD

a2
(13)

δn = 4λ2

β2
n(β2

n + λ2)
(14)

where
∞∑

n=1

δn = 1 (15)

The fractional recovery in the sample can be ex-
pressed in terms of the mass in the sample and the
sample volume asFR =M/VSCD. Similarly, the frac-
tional recoveries of the pulsed (FRP) and continuous
(FRQ) portions of the sample are defined as

FRP = MP

VWCD
= 1 −

∞∑
n=1

δn exp(−γntP) (16)
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Q = VW

Q

P = tR + tQ

hereQ is the volume flow rate of the flushing. Thu
or a sample of volumeVS, the pulsed portion has
olumeVW and accumulates a massMP during a tota
xposure time oftP, while the continuous portion h
volumeVS−VW and accumulates a massMQ during
n exposure time oftQ. MP can be found by settin
= tP, in Eq.(6), performing the integration in Eq.(9),
nd multiplying by the length of the probe wind
W/πa2. MQ can be found by settingt= tQ in Eq. (6),
erforming the integration in Eq.(9), and multiplying
y a length (VS−VW)/πa2. The total mass of drugM

n a collected sample is given by

= MP + MQ (10)
RQ = MQ

(VS − VW)CD
= 1 −

∞∑
n=1

δn exp(−γntQ)

(17)

The total mass in the sample can be written as

= VWCDFRP + (VS − VW)CDFRQ. (18)

SinceM is the proportional to the donor concent
ionCD, linear calibration plots relatingCD andCS can
e constructed according to Eq.(1) as

R = VW

VS
(FRP − FRQ) + FRQ (19)

For a constant flush rate,FRQ corresponds to th
ractional recovery for CFMD, as can be seen fr
qs.(16), (17)and(19)whentP = t0. SinceFRQ can be
easured experimentally, it is possible to obtainFRP
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as a function of the exposure timetP (the experimental
verification is presented in Section5).

The approach to equilibrium is characterized in the
above equations by the exponential transient terms in
the infinite series. For all values ofλ andn, both the
δn and exponential terms are between zero and one,
and both tend toward zero with increasingn or time of
exposure. Using nominal values for the dialysis probes
used in this study (a= 100 – 125µ,h= 8 – 12µ,ε < 0.1)
and a typical tortuosity value (τ > 1.5− 2) in Eq. (8)
shows that 0 <λ < 1. Numerical calculations show that
for λ < 0.5 (which is usually the case),δ2/δ1 < 0.005
and then> 1 terms can always be neglected (less than
0.1% error). For 0.5 <λ < 1, then> 2 terms can be al-
ways be neglected, and then> 1 terms can be neglected
when DtP > 5× 10−6 cm2. Since D> 10−6 cm2/s at
room temperature or above for most drugs in aqueous
vehicles in the absence of agents that significantly en-
hance the viscosity (such as surfactants or polymers),
it is usually possible to neglect then> 1 terms when
the exposure time exceeds∼5 s, so that Eq.(16)can be
rewritten as

ln(1 − FRP) = ln δ1 − γ1tP (20)

In theory, plots of ln(1−FRP) versustP can be used
to determineγ1 and δ1 (which, in turn, can be used
in Eqs.(7) and(14) to find the more fundamental pa-
rameterλ). In practice, this is true for findingγ1 be-
cause small experimental errors will minimally affect
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3.1. Microdialysis

The microdialysis probes were constructed in our
laboratory. Hollow tubes made of reconstituted cel-
lulose (Spectrum Laboratory, Brunswick, NJ), with a
molecular cut-off of 18 kDa, were used as the dialy-
sis membrane for the probe windows. The inner ra-
dius of the dialysis membrane tube was 100� and
the thickness of the membrane wall was 8� (nomi-
nal values). Two segments of polyimide tubing (Mi-
croLumen, Tampa, FL), with an outer radius of 83�,
were connected to the both sides of the dialysis probe
window and glued together using cyanoacrylate glue,
leaving a probe window of the desired length (typi-
cally 5−10 cm). One segment (7 cm length) was then
glued to a 15 cm Tygon tube with an inner diameter
of ∼100�m, which was connected to a syringe pump
and served as inlet tubing. The other segment (10 cm
length) was used to collect the samples. After construc-
tion, all probes were measured to exactly determine the
length of the window.

A HARVARD Model PHD2000 programmable sy-
ringe pump (Harvard Apparatus, Holliston, MA) was
used to pump 0.005N NaOH dialysate through the
probe. A jacked beaker with a magnetic stirrer was
used as the in vitro donor compartment. Different con-
centrations of MTZ (Sigma Chemical, St. Louis, MO)
in 0.005N NaOH (50 mL volume) were used as the
donor solutions. The probe window was immersed in
the donor medium and held stationary with a clamp.
T the
c ould
b All
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c tec-
t TC4
he slope. However, for the systems studied here, th
ercept is typically close to zero becauseδ1 is close to 1
o experimental errors can result in significant rela
rrors in the intercept. This is important because, in
ange, small differences in the value ofδ1 will result in
elatively large differences in the corresponding va
f λ. Thus, if the value forλ is needed, other metho

hat measure it directly may be preferred. These
e presented in a follow-up paper.

. Materials and methods

The PMD method was tested using methazolam
MTZ) as the test drug in a variety of in vitro expe
ents. The details of the experimental procedure
iven below, and the results are discussed in the

owing section.
he MTZ solution was stirred continuously, so
oncentration at the fluid-membrane boundary c
e taken as equaling that of the bulk donor fluid.
tudies were performed at 37◦C. The dialysate wa
ollected from the outer tubing in 0.25 mL pre-chil
lastic micro-centrifuge tubes, and the samples w

mmediately analyzed using HPLC. Preliminary st
es found no evidence of non-specific binding or
orption of MTZ to the sampling tubes.

.2. Chemical analyses

MTZ was analyzed by isocratic reversed-ph
PLC with UV detection (9). The HPLC system co
isted of a Shimadzu LC-10AD constant flow pu
nd SPD-10VA ultraviolet detector (Shimadzu, P
ataway, NJ), and a column. Output from the de
or was processed on a personal computer using
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Turbochrom HPLC software (Perkin-Elmer, Shelton,
CT). Separation was accomplished with a�Bondapak
300 mm× 3.9 mm C18 column (Waters, Milford, MA).
The mobile phase consisted of a 20:80 acetoni-
trile:sodium acetate buffer (0.05 M, pH 4.0). The mo-
bile phase flow rate was 1.5 mL/min and the detec-
tion wavelength was 290 nm. Samples (20�L) were
injected directly into the system using an auto sampler.
The method was validated in buffer and the coefficient
of variation of the method was less than 2%. The HPLC
standard curve was linear and followed the equation
A= 12.320C (R2 = 0.999), whereA is the area under
the absorbance peak andC is the MTZ concentration
in ng/mL. The limit of quantitation was 25 ng/mL. All
solvents used were HPLC grade.

4. Experimental

4.1. CFMD (continuous flow microdialysis)

A dialysate of 0.005N NaOH was perfused through
microdialysis probes with different continuous flow
rates (Q= 3, 5, 7, 10, 15, 20, 30, 40, 50 and 60�L/min).
The probes were immersed in stirred MTZ solutions
of known concentration. For each flow rate, samples
were collected into 250�L microtubes and analyzed
by HPLC.

4

nto
m obe
f The
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p ples
w LC.
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v

• nd

•
•
•
•

In all cases except the charcoal studies (see below),
the pump was programmed to repeat the above proce-
dure seven times, with the first two collections being
discarded and the last five combined to form the sam-
ple. For the charcoal studies, the procedure was done
only once due to the rapid changes in the donor con-
centration. All experiments were done in triplicate.

4.3. In vitro probe calibration

PMD was performed for each probe window. The
length of the window was measured, and it was subse-
quently immersed in MTZ solutions of various known
concentrations. A sample volume ofVS = 5�L and
flush rate ofQ= 100�L/min were selected. Samples
were collected for each donor concentration and im-
mediately analyzed by HPLC. Calibration studies were
performed for various values oftR (10 and 15 s) and
probe window lengths (nominally 5 and 10 cm, corre-
sponding to window volumes of∼1.57 and 3.14�L,
respectively). All experiments were done in triplicate,
and the calibration plots were constructed by plotting
CS versusCD according to Eq.(1).

In addition to the initial probe calibration, subse-
quent “three-point” probe calibrations were done when
appropriate to verify that the original calibration curves
were still valid. These were done by repeating the above
calibration procedure using three donor concentrations
over the donor concentration range of interest and com-
paring the results with the original calibration curves.

4
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.2. PMD (pulsatile microdialysis)

A dialysate of 0.005N NaOH was convected i
icrodialysis probes, allowed to sit inside the pr

or various resting times, and then flushed out.
ample volumes were chosen to exceed the total o
robe window plus the outer tubing volumes. Sam
ere collected and immediately analyzed by HP
tudies were performed varying the resting times, fl
olumes, flush rates and probe lengths as follows:

resting timetR: 5, 7, 10, 15, 20, 25, 30, 40, 50 a
60 s;
sample volumeVS: 5, 7 and 10�L;
flush rateQ: 50, 60, 80, 100, 150 and 200�L/min;
nominal probe window lengthL: 5 and 10 cm;
nominal probe window volumeVW: 1.57 and
3.14�L.
.4. In vitro first-order drug uptake simulation
xperiment

The MTZ concentration (initially 54�g/mL) in
0 mL of the donor solution was reduced over time
dding 4.5 mL/min fresh 0.005N NaOH to the do
hile simultaneously withdrawing 4.5 mL/min of t
ixed donor solution, both in a continuous man
or this setup, the MTZ concentration in the donor

ution followed a first-order decline, with a theoreti
ate constant ofk= 0.09 min−1 and half-life of 7.7 min
MD was performed using a 10 cm probe with a fl
olume of 5�L, flush rate of 100�L/min, and rest
ng time of 10 s. Samples (25�L) were collected at th
ame times (0, 1, 2, 5, 10, 15, 20, 25, 30, 35, 40, 50
0 min) from both the donor solution and the dialys
nd immediately analyzed using HPLC. Three p
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probe calibrations were performed before each exper-
iment.

4.5. Charcoal MTZ adsorption kinetics experiment

A charcoal suspension was prepared at least 24 h be-
fore use by adding 0.6 g of activated charcoal (Sigma
Chemical, St. Louis, MO) to 100 mL of 0.6% Dextran
Solution (Birkmeier et al., 1995). Subsequently, 2.0 mL
of that charcoal suspension was quickly mixed into
48 mL of stirred MTZ solution (200�g/mL in 0.005N
NaOH), which was taken as the start time (t= 0) for
the binding experiment. Samples were collected during
10 second intervals, and the start times for the sampling
intervals were 0, 0.2, 0.4, 0.7, 1, 2, 5, 10 and 30 min. The
flush rate was 100�L/min, the rest time was 8 s, and
the sample volume was 5�L. The samples were im-
mediately analyzed using HPLC. The study was done
at 37◦C, and a three-point probe calibration was per-
formed before and after each experiment. Direct sam-
pling of the donor was also done at various times for
comparison with the PMD data. The direct donor sam-
ples were immediately filtered to remove the activated
charcoal and analyzed using HPLC.

5. Results and discussion

Experiments were done to evaluate: (i) the sensitiv-
ity of the PMD technique; (ii) the variability of mea-
s the
c he
m tra-
t
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red
t
f n as
Q

〈

H ple,
a

t

Fig. 2. Comparison ofFR for PMD and CFMD at various flow rates.
The filled triangles represent PMD data, the open squares represent
CFMD data, and the line represents the theoretical fit of the PMD.
For PMD, an “average” flow rate〈Q〉 was used, as given by Eq.(21),
which was varied by changing the resting time.

In the PMD experiments〈Q〉 was changed by
varying the resting time, while keeping the sam-
ple volume and flush rate constant (VS = 5�L and
Q= 100�L/min). Fig. 2shows that, at similar average
flow rates, the PMD and CFMD data displayed simi-
lar values ofFR, which decreased with increasing flow
rates for both methods due to shorter exposure times.

The minimum measurable donor concentration was
estimated by dividing the assay limit of quantita-
tion by the FR. In this study, the HPLC limit for
MTZ was∼25 ng/mL. For a 10 stR and 10 cm probe
window, FR ∼ 0.2 and the minimum measurableCD
was ∼125 ng/mL. For the same system and a 30 s
tR, FR ∼ 0.6 and the minimum measurableCD was
∼40 ng/mL. Thus, the sensitivity of the PMD method
can be effectively adjusted by varying the resting time.

5.2. Variability and reproducibility

All of the calibration plots were reproducible and
showed low variability. For the same resting time
and solutions, the R.S.D. in the sample concentra-
tion between experiments was typically in the range
of 0.5–1.5%. Comparisons ofFR values obtained from
individual calibration plots (not using average of trip-
licates) showed similar R.S.D. values and did not ex-
ceeded 1.5% in this study. Similar results were seen
with other drugs (data not shown).
urements made with PMD; (iii) the properties of
oncentration calibration plots; (iv) the ability of t
ethod to measure rapidly varying donor concen

ions. The results are discussed below.

.1. Sensitivity of PMD compared to CFMD

The sensitivity of the PMD method was compa
o that of the CFMD method by comparing theFR as a
unction of the average flow rate, which was take

for the CFMD and〈Q〉 for the PMD, where

Q〉 = VS

tS
(21)

eretS is the time required to collect the entire sam
nd is given by

S = tR + VS

Q
(22)
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The low variability of the experiments is likely due
to two factors. First, the programmable pump setup
minimizes the human variation. Second, by collecting
five smaller samples to make one larger one (as de-
scribed in the experimental section), small variations
between the individual samples will tend to average out
when they are combined to form the larger final sample.

5.3. Concentration calibration plots

To correlate the PMD sample and donor concentra-
tions in vitro for a given probe, calibration plots ofCS
versusCD were constructed. It was observed that cal-
ibration plots were linear (R2 > 0.99) in all cases, and
the fraction recoveredFR was taken as the slope of the
plot, in accordance with Eq.(1).

PMD data for a typical probe is shown inFig. 3.
Increasing the resting time from 10 to 15 s at the
same flush rate increased theFR from 0.221 to
0.294. As the resting time was increased at a con-
stant flush rate,FRP→ 1 while FRQ did not change,
and the FR increased towards an upper limit of
FR =VW/VS + [(1−VW)/VS]FRQ, in accordance with
Eq.(19). This is illustrated inFig. 4.

TheFR decreased with increasing sample volume
and increased with the volume of the probe window in
a manner that was also consistent with Eq.(19). In all
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Fig. 4. FR vs. exposure timetP for methazolamide in an aqueous
buffer. The open squares represent the experimental data, and the
line represents the theoretical curve. TheFR approaches an upper
limit of ∼0.7 for this PMD setup.

cases (data not shown), plots ofFR versus 1/VS using
PMD data were linear, and the intercepts (FRQ) were
in agreement with theFR obtained from CFMD exper-
iments (for which the CFMD flow rate was the same as
the PMD flush rateQ). This is to be expected because
the intercept occurs when 1/VS→ 0, which physically
corresponds to CFMD. Values ofFRQ calculated us-
ing Eq.(17)were also in agreement. Thus, CFMD data
were used experimentally and Eq.(17)was used in cer-
tain data analysis to compute theFRQ.

It can be seen that theFR depends on the resting
time, flow rate, and the ratio ofVW/VS. In addition, it is
also dependent on the temperature due to changes in the
diffusion coefficient. Thus, probes must be specifically
calibrated using PMD parameters (resting time, flush
rate, sample volume, etc.) that will match those under
which subsequent PMD measurements are made. Since
there can also be some variation between probes, each
one must be calibrated individually even if the same
PMD parameters are used.

5.4. Estimating the diffusion coefficient of a drug
in the dialysate

Fig. 4 also compares experimental and. simulated
PMD data forFR versus exposure time, which was
used to estimate the diffusion coefficient of MTZ in an
aqueous buffer at 37◦C. This was done by performing
nonlinear regressions using Eqs.(16), (17)and(19) to
ig. 3. PMD probe calibration curves for two different resting tim
he diamonds represent PMD data usingtR = 10 s, and the ope
quares represent PMD data usingtR = 15 s. The data fit the lin

S = 0.221CD (FR = 0.221) for 10 s resting times, andCS = 0.294CD

FR = 0.294) for 15 s resting times.
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Fig. 5. Ln (1−FRP) vs. exposure timetP for methazolamide in an
aqueous buffer. The open squares represent the experimental data,
and the line represents the linear regression.

obtain the parametersγ1 andλ. From the fitted value
of λ, the βn, γn and δn (n≤ 3) were obtained using
Eqs.(7), (13), and(14), and the diffusion coefficient
was calculated asD=γ1a2/β1

2. The probe window
volume wasVW = 3.5�L and the sample volume was
VS = 5�L. The values ofFRP were calculated from
Eq. (19), using a value ofFRQ that was obtained from
CFMD data for a flow rate of 100�L/min (the same
flush rate used in the PMD). Exposure times of more
than 7 s were used, and Eq.(20) was assumed to hold,
as supported by the linearity of the ln(1−FRP) versus
tP shown inFig. 5. A value ofγ1 = 0.02 s−1 was ob-
tained from the slope of the line, and was used as the
initial guess in the iterations.

Satisfactory numerical convergence was obtained
for a number of final values ofλ, which could not be
determined a priori for the probes. However, it was
possible to estimate upper and lower limits forλ from
Eq. (8), and these were used as initial estimates in
the nonlinear regressions. For each limit, a tortuosity
estimate ofτ = 2 was used, porosity range was esti-
mated as between 0.004 and 0.008 (based on conver-
sation with the probe manufacturer). The lowerλ esti-
mate resulted in values ofλ = 0.166,γ1 = 0.0197 s−1

andD= 6.5× 10−6 cm2/s. The upperλ estimate re-
sulted in values ofλ = 0.336, γ1 = 0.0196 s−1 and
D= 3.3× 10−6 cm2/s (R.S.D. < 1% in all cases). This
range ofD is consistent with values found in the litera-
ture (∼4× 10−6 cm2/s) (a method to determine ofλ is
being developed and will be presented in a follow-up
p

5.5. In vitro first-order MTZ uptake simulation

This experiment was done to assess the ability of the
method to measure changes in the donor concentration
that are slow compared to the sampling timetS. A first
order uptake of MTZ was simulated by continuously
adding 0.05N NaOH to a donor solution of MTZ in
NaOH at a rate ofq= 4.5 mL/min, and simultaneously
removing the stirred solution at the same rate, to main-
tain a donor solution volume ofV= 50 mL. The theo-
retical MTZ donor concentration in the donor is given
by CD =C0 exp(−kt), wherek=q/V. For this system,
the initial donor concentration wasC0 = 54�g/mL and
the calculated rate constant wask= 0.090 min−1 (half
life of 7.7 min). Plots of lnCS versust (from PMD with
tP = 10 s) and lnCD versust (from the direct donor sam-
pling) are shown inFig. 6. The two lines are nearly
parallel and in excellent agreement with the theoreti-
cal data, yielding rate constants ofk= 0.089 min−1 for
the PMD andk= 0.088 min−1 for the direct donor sam-
pling. The intercepts for PMD and direct sampling are
9.150 and 10.887, respectively. Taking the log of Eq.
(1) shows that lnCS− lnCD = lnFR, so the difference
between the intercepts should equal lnFR. Taking the
antilog of the difference in the intercepts gives a value
of FR = 0.176, which is in agreement with the value of
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ig. 6. log concentration vs. time for simulated first order drug
ake of MTZ. The experiment mimicked a first order rate cons
f k= 0.090 min−1. The solid diamonds represent direct samp
f the donor solution (slope =−0.088 min−1) and the open squar
epresent PMD data (slope =−0.089 min−1). From the difference i
he intercepts,FR = 0.176, which is in agreement withFR = 0.170
btained from the probe calibration.



180 M.A. Kabir et al. / International Journal of Pharmaceutics 293 (2005) 171–182

FR = 0.170 that was calculated from the calibration plot
for this probe using Eq.(1).

5.6. Charcoal MTZ adsorption kinetics study

This experiment was done to assess the ability of
PMD to sample rapidly changing donor concentrations.
An activated charcoal suspension was added to a stirred
donor solution containing MTZ, and the concentrations
were simultaneously sampled using PMD and direct
donor sampling.

As expected, the free drug concentration in the
donor dropped rapidly over the first minute, and de-
clined more slowly after that.Fig. 7 shows experi-
mental data obtained using PMD (solid circles) dur-
ing the first 5 min of the experiment (the start time
t= 0 min was taken as the time when the activated char-
coal was added). The time required to take each sam-
ple wastS∼ 11 s, and four data points (in addition to
the initial data point) were obtained during the first
minute. The measured concentrations were plotted at
times corresponding to the midpoint of the sampling in-
terval (taken as 5 s after the start of each sample). The
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free MTZ concentration decreased from an initial con-
centration of∼195 to 21�g/mL after the first minute,
8.6�g/mL after∼2 min, and 6.7�g/mL after∼5 min.
Direct donor sampling during the first minute was not
reproducible and could not be compared with the PMD
data. However, after the first minute, the PMD and di-
rect donor sampling data were in good agreement (not
shown).

Since the concentration appeared to approach an
equilibrium value, a simple binding/release model was
used to test the PMD data. (We do not claim that this
model is ultimately the correct one for this system.
However, it is probably a reasonable one to use for
checking the feasibility and consistency of the data.)
In this model, it was assumed that the rate at which
free drug binds to the charcoal is proportional to the
concentration of free drugCF and the concentration
of empty adsorption sitesE, and the rate of release of
bound drug is proportional concentration of bound drug
CB. Thus, the rate of change of free drug in the donor
is given by

dCF

dt
= −kfECF + krCB

wherekf andkr are the binding and release rate con-
stants, respectively. If the number of binding sites on
the charcoal is assumed to be large, thenEcan be taken
as approximately constant, and this equation can be
solved to give
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ig. 7. Adsorption of MTZ by activated charcoal: free concentra
s. time data obtained using PMD. The temperature was 37◦C. The
otal exposure time wastP = 10 s and the time required to take e
ample wastS = 11 s. The data points are plotted at the midpoin
he sampling interval. The solid circles represent experimenta
btained using PMD, and line represents the fitted curve obt
sing Eq.(23).
F = Ceq + (C0 − Ceq) exp[−(kfE + kr)t] (23)

hereC0 andCeq are the initial and equilibrium fre
rug concentrations in the solution, respectively.
xperimental data shown inFig. 7 was used in a non

inear regression of Eq.(23), and values were found
0 = 201�g/mL,Ceq= 5.97�g/mL, kfE= 2.19 min−1,
ndkr = 0.067 min−1. For comparison, the values p
icted by Eq.(23) are also shown inFig. 7 (the solid

ine), and fit the experimental data well (R2 > 0.99).
In these experiments, the donor concentra

ropped rapidly enough so that the assumption
onstant donor concentration during the sampling
id not hold for the first minute or so. As a result, t

ssues must be considered—the ability of the prob
etect the changes, and the time at which the sa
oncentration should be plotted.
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• The microdialysis probes must be able to respond
quickly to changes in the donor concentration. The
response time of the probe can be estimated as the
time it takes to establish a pseudo steady state within
the probe wall, which is∼0.5h2/D. For the probes
used here and values ofD> 10−6 cm2/s (typical in
aqueous media), the response time of the probe is
∼0.5 s or less. Thus, if the change in the donor con-
centration is small during the response time, the
pseudo steady state boundary condition given in Eq.
(5) at the probe wall will still be applicable.

• If the sample time intervalstS are short enough, the
donor concentration drops in a nearly linear fash-
ion within a given sample interval and the average
donor concentration will occur at the midpoint of the
sampling interval.

From Fig. 7, it can be seen that the change in the
concentration during any time in was nearly linear over
any 10 s time interval (corresponding to thetS used in
this study). Further, the fractional change in concen-
tration over a fraction of a second was small. Thus,
the donor concentration was obtained from the sam-
ple concentrations using the calibratedFR and plotted
at the midpoint of the sample interval. The excellent
agreement between the experimental and predicted data
suggests that PMD can be used to characterize systems
displaying rapid concentration changes. A more com-
plete treatment, based on an optimized experimental
setup and extension of the mathematical model, will
b
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s sys-

tem at the time of sampling. For experiments in which
the drug concentration changes rapidly over time, such
as certain in vitro cellular uptake or binding studies,
this can be an important advantage over other, more
traditional methods of concentration measurement that
require pre-assay sample cleanup or preparation.
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Glossary of terms

a: inner radius of the microdialysis probe window
βn: roots of Eq. (7)
CFMD: continuous flow microdialysis
CD: concentration in the donor solution
CS: average concentration in a collected dialysate sample
D: diffusion coefficient of the drug in the dialysate
δn: defined by Eq. (14)
FR: fractional recovery for a sampleCS/CD

FRQ: fractional recovery of the continuous portion of the PMD sam-
ple

FRP: fractional recovery of the pulsed portion of the PMD sample
γn: defined by Eq. (13)
h: thickness of the wall of the probe window (outer minus inner

radius)
L: length of the microdialysis probe (cm)
λ: defined by Eq. (8)
M: total amount of drug in the collected dialysate sample
MQ: amount of drug in the sample portion that did not rest in the

probe window
MP: amount of drug in the sample portion that rested in the probe

window
PMD: pulsatile microdialysis
Q: flush rate (�L/min)
tP: exposure time for the pulsed portion of the dialysate sample

(tR + tQ)
tQ: transit time for the continuous portion of the dialysate sam-

t
t
τ
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tenken, J.A., Topp, E.M., Southard, M.Z., Lunte, C.E., 1993. A
Chem. 65, 2324–2328.
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perimental and theoretical microdialysis studies of in
metabolism. Anal. Biochem. 290, 314–323.

ngerstedt, U.J., 1991. Microdialysis—principles and applica
for studies in animals and man. J. Intern. Med. 230, 365–37
ple =VW/Q

R: resting time for dialysate in the probe window

S: duration of sampling time interval defined by Eq. (22)
: tortuosity of pores in the probe window wall

W: volume of the probe window (equals the volume of dialy
allowed to rest)

S: volume of one dialysate sample
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