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Abstract

Microdialysis is a well-developed membrane-based tool relying on diffusion to sample diffusible
constituents of complex media, such as biological tissue. The objective of this research is to expand
the utility of microdialysis by combining transmembrane convection with diffusion to enhance solute
exchange between microdialysis probes and the surrounding medium. We have developed a
mathematical model to describe probe performance and performed validation experiments utilizing
tracer solutes and commercially available probes with 100-kDa molecular weight cutoff membranes.
Diffusive and fluid permeabilities of the probe membranes are evaluated for probes immersed in
well-stirred bathing media in vitro. Transmembrane convection alters the solute extraction fraction,
i.e., the fractional loss of a solute from the probe perfusate during delivery and the fractional gain by
the perfusate during sampling. The extraction fraction change depends upon the magnitude and
direction (inward or outward) of fluid movement across the membrane. However, for solutes with
zero reflection coefficients, equality is maintained between these delivery and sampling extraction
fractions. This equality is a prerequisite for probe calibration approaches that rely on analyte delivery
from the perfusate. Thus, we have provided the theoretical and experimental basis for exploiting
convection in a quantitative manner to enhance solute delivery and sampling in microdialysis
applications.
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1. Introduction

Microdialysis is a term applied to a membrane-based technology developed for sampling

diffusible constituents of tissue extracellular space. Microdialysis probes utilize hollow fiber
synthetic membranes to enable solute exchange between the perfusate solution and the tissue
into which the probe is implanted. With bi-directional exchange across the membrane, solutes
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added to the perfusate can be delivered to the tissue concurrent with the sampling operation.
Although sampling applications have been predominant to date, the dual capability enlarges
the utility of the technology.

It is customarily assumed that no significant amount of the perfusate fluid is lost across the
probe membrane and that solute exchange across the membrane occurs by diffusion. These
assumptions serve two purposes. First, quantitative description of the phenomena governing
microdialysis in vivo is simplified if diffusion is the dominant mechanism for solute movement
through the membrane and the surrounding tissue. Second, it is less likely that fluid would
accumulate between the membrane and the tissue to confound interpretation of measurements.
These assumptions often appear reasonable because of the confluence of two factors: the fluid
permeabilities of many of the hollow fiber membranes commonly employed are relatively low,
and the diffusivities for the low molecular weight solutes of interest are relatively high.

However, the membranes of probes in current use vary considerably in their fluid
permeabilities. Perfusate transmembrane loss has been sufficiently pronounced with some
probes that various counter measures have been proposed, such as using hyperosmotic
perfusates [1-3] and push-and-pull pumping [4-7] or imposing an inwardly directed
hydrostatic pressure difference across the membrane [8,9]. Even with low-fluid-permeability
membranes, a significant fraction of the perfusate can be driven across the membrane by
elevating the probe internal pressure [10,11]. Transmembrane convection can be utilized to
augment the rate of delivery of solutes to the external medium, as demonstrated for probes
perfused with a solution of ethanol [12]. The degree to which fluid might accumulate at the
tissue interface for probes implanted in vivo is an open question. However, considerable
understanding of interstitial flow rates that tissue can accommodate has been acquired through
studies of direct infusion of solutions into tissue. Many of these studies have been conducted
in the context of promoting the delivery of therapeutic agents [13]. Such convection-enhanced
delivery (CED) is particularly attractive for macromolecular agents for which diffusion is
insufficient to achieve the desired spatial and temporal distribution. The use of membrane
devices in CED is potentially advantageous because the infusate can be delivered over larger
surface areas compared with needles or multiport catheters, as demonstrated by Oh et al. [14]
for dye and adenovirus gene vector delivered to mouse brain from a hollow fiber catheter.
Delivery instead via microdialysis probes would offer the additional advantage of permitting
sampling to occur simultaneously, since a portion of the dialyzed perfusate is collected for
subsequent assay [15].

Our intent is to provide a basis for incorporating ultrafiltration into microdialysis practice.
Through mathematical modeling we have described the influence of ultrafiltration on the
performance of microdialysis probes for sampling and delivering solutes. The effects from
both inward and outward ultrafiltration are considered. In the present report we apply the model
to in vitro conditions for a probe immersed in a well-stirred constant temperature solution. The
model predictions are substantiated by experimental measurements for model solutes with
existing commercial microdialysis probes. Extension of the model to predict performance in
vivo will be treated in a subsequent publication.

2. Steady-state solute transport theory

Existing microdialysis theory describes solute exchange across the probe membrane as a purely
diffusional process driven by spatial gradients in concentration [16,17]. For steady-state
conditions the expressions for the efficiency of solute exchange reduced to explicit
transcendental equations. These equations permit experiment planning and data analysis in
readily available spreadsheet software. This desirable level of simplicity has been retained in
extending the theory to incorporate transmembrane convection as a second mechanism for
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solute exchange. The simplification was achieved by invoking a number of reasonable
assumptions, the most important of which are the following:

1. Axial symmetry is maintained with a cylindrical hollow fiber membrane and a
concentrically positioned inner cannula as shown schematically in Fig. 1.

2. Concentration polarization does not occur because solutes of interest are sufficiently
small that the membrane and the external medium do not reject them.

3. Themembrane is homogeneous, i.e., the structure and physical properties are uniform
in both the radial and axial directions.

4. The axial annulus pressure drop is small compared with the transmembrane pressure
drop so that axial variation in the transmembrane fluid flux can be neglected.

5. Diffusive and convective contributions to the solute flux across the annulus-
membrane and membrane-external medium interfaces are simply additive because of
concentration linearity in the governing equations.

Development of the mathematical framework rests on the formulation of conservation
equations for solute mass and fluid within the perfusate and membrane. In the mass balances,
C denotes the concentration of the solute of interest. A prime (') indicates a variable with units
to distinguish it from a subsequent nondimensional normalized form. Quantities associated
with the perfusate solution within the probe annulus are designated by a subscript “a”, while
those associated with the effluent dialysate sample are indicated by a subscript “d”. Membrane
quantities are indicated by subscripts “f” or “m” depending upon whether they are associated
with the accessible fluid-filled portion or the whole membrane volume, respectively.

As indicated in Fig. 1, the inner and outer radii of the probe membrane are rj and ry, respectively.
The segment of the membrane that is accessible for fluid and solute exchange is of length,
Lm. The inner and outer membrane surface areas are then

S;=2nr;L, and S,=2nr,L,. (1)

The outer radius of the single cannula inside of the membrane is rggnn. For radial symmetry
the spatial variations in the dependent variables occur only in the radial, r’, and axial, z,
directions.

2.1. Perfusate balances

The perfusate volumetric flow rate into the probe is Qjy,, while the dialysate effluent flow rate
is Qgut- The difference is the fluid loss or gain by transmembrane flow. Dividing the difference
by Qj, defines a dimensionless ultrafiltration factor

_ Qin - Q()ul
fo = Oin @)

The perfusate rate, Qjn, will be treated as a positive quantity. In the case of fluid loss
(Qout<Qin ) fq is positive and may exceed unity for retrograde dialysate flow (negative Qqyy).
For fluid gain (Qou>Qin), fq is negative and unbounded.

For transmembrane flow that does not vary appreciably with axial position, the uniform
volumetric fluid flux across inner surface of the membrane is given by

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bungay et al.

Page 4

fQ ' Qin

Ji=
Si

()]

The flow rate of the retained annular fluid then either increases or decreases with axial position,
Z', according to

0, 11=0un [ 1/, @ L. “

The rates of flow in and out of the membrane are the same, so the volumetric fluxes across the
inner and outer surfaces are related by

Ji-Si=Jo - S, (5)

Accompanying the fluid loss is a convective flux of solute into the membrane given by
Ji - C(’,,_, in which C;,. [Z'] is the solute concentration at the annular fluid-membrane interface at

7' Let E; [ z|denote the radially averaged solute concentration at the same axial position. There
will be, as well, a diffusive contribution to the loss of solute to the membrane. The governing
equations are linear in concentration, which suggests that the diffusive portion can be

incorporated as an additive flux empirically represented by P, - (E:, — Gy, inwhich Py is the
annulus diffusional permeability (referenced to the membrane inner surface area).
Determination of the annulus permeability from the equations for fully coupled diffusive and
convective transport is described in the Appendix. Equating the sum of the two loss
contributions to the steady-state decrease in solute content per unit axial distance yields a
differential mass balance for the solute in the annular fluid

2rr;

1 \do. -C. -
— (Q"—_/“):Ji - ClAPg, - (C,— Cp).
dz (6)

Solute diffusion in the axial direction is neglected. Applying the chain rule for differentiation
to the left-hand-side of Eq. (6) and substituting

Jo 1 \do,
o\ 2nr) dz %)

converts the solute balance to

0, \dC, T
- (27rr,' dz =(Pq; = Ji) - (Cq = Cg). (8)
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2.2. Membrane balances
The equation of continuity for steady flow across the membrane is

0=V’ ¢ V, 9)

—m’
in which the vector velocity, v/, can be related to dynamic pressure, p’, through Darcy’s Law

, Kmwy 4
v =——V'p,
—In ’7 (10)

where x, is the Darcy conductivity for the membrane and # is the perfusate viscosity. The
solute mass flux resulting from convection and diffusion through the membrane can be
described by

N/:Zr,n ’ C} - D’"V,C,f’ (11)

in which Dy, is an effective coefficient of diffusion for the solute in the membrane [17]. Both

Dy, and v/, are based on the membrane volume, not on the accessible or mobile fluid volumes
within the membrane. The steady-state solute mass balance within the membrane, neglecting
diffusion and convection in the axial direction, is

’ 2 ’ ’
0=—V'-N'=D,V*C} -V, - V'C).

(12)

This formulation incorporates Eq. (11) and the conservation of fluid volume constraint, Eq.
(9). The effective diffusion coefficient is presumed to be uniform throughout the membrane
region to which Eq. (12) is applied. The value may differ between layers in the case of
membranes with layered asymmetric structures.

2.3. Boundary conditions

The following constraints on continuity of solute concentration and flux across the interfaces
are to be applied. At the fluid-membrane interface, r' = r;j,

Co=Clp» (13)

and

(')C'f

i I, P (i ’,: i’ l'_Dm_~
Ji - Cot P - (Cq — Co)=Ji - C, o (14)

At the membrane-external medium interface, r' = ry,
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’

Jo L leg - Dm_f:Jo : C}(}"‘Pex{ : (C}D - Ce.x'l)v

or' (15)

in which Py is a diffusive permeability for the external medium. In addition, at the inlet end
of the membrane, z' = 0,

l

9

o [01=Cj,. (16)

2.4. Dimensionless form

In boundary conditions (15) and (16), Cex: and Cjy, are constants. Since the governing equations
are linear, the variables can be normalized according to definitions

r:rl/ro and Z:Z,/Lms (17)
C/ - CE\‘I 1 ’

C=—, andy_=—V .
Cin - Ce.\'r - Ji - (18)

Recast in nondimensional form the governing differential equations become

from Egs. (4) and (8),

dC Pa,-_-]i
_(1_‘[Q'Z).d_;:fg'( T

)-(Ea - Cq),
(19)

from Eq. (12),
0=V2Cy — pm(v,, - VCy), (20)
and from Eq. (9),
V.v =0. (21)
The nondimensionalized boundary conditions can then be written from Eq. (13),
Co=Cy. atr=ri/r,, (22)

from Eqgs. (13) and (14),
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P, — i aC
i'(Ca_Cai):_( i )—f atr:r;/r,,,
Ji To* Pm Jr (23)

from Egs. (13) and (15),

_(L) 9Cy_Pex

. Cﬁy atr=1,
Sgl" ’

or I, (24)

and from Eq. (16),

C,=1 atz=0. (25)

The membrane Péclet number denoted by ¥~ is a dimensionless measure of the importance of
convection relative to diffusion

5 riJi ro-Jo
Pm= =,
" Dm Dm (26)

in which the uniformity of the Péclet number follows from Eqg. (5). The above governing
equations as written presume that the membrane is homogeneous. They could be adapted to
describe transport in layered asymmetric membranes in which the properties of individual
layers can be treated as uniform.

2.5. Diffusive permeability definitions

The assumptions of linearity and additivity of the convective and diffusive contributions to the
solute fluxes across the interfaces permits the diffusive portions to be represented in terms of
permeabilities defined for the membrane by

b Dty (g)
! Cf,. - Cfu or ——r @27
and
p = D,,/r, (0Cf)
T Cp=Cp\ o | (28)

Flow in the annulus is assumed to be laminar, so the annulus diffusive permeability is similarly
defined by
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P, =-

i

D,/r, ((9Ca )
r=rilre

Ca- Cai ar (29)

2.6. Overall permeability

Substituting Eq. (27) into Eq. (23) and using the resulting expression and the other interface
boundary conditions to eliminate Cy; from Eq. (19) leads to a compact form of the differential
perfusate balance

dC,
-=f,-2)- d_Z:fQ &+ Cq,

(30)
where ¢& represents the ratio
f _ Ps?i

T (21)

in which * is an overall probe diffusive permeability defined as

1 =/Py)
9i = 1 1 Pmn/Pm,- ’

[N (32)

Since Jj = 0 for no ultrafiltration, the dimensionless ratio, &, varies strongly with the degree of
convection through the membrane and becomes positively or negatively unbounded as J; —
0. To render Eqg. (30) directly integrable, the z-dependence of “ has been eliminated by

replacing the annulus permeability in Eq. (32) with its asymptotic value, P . The asymptote
is explained in the Appendix, and a simple expression is developed for computing approximate
values.

2.7. Extraction fractions

In the absence of transmembrane fluid flow, the usual metric for characterizing the difference
between perfusate and dialysate concentrations arising from gain or loss of solute by diffusion
is the concentration-based extraction fraction defined as

Cin - Coul -
E.=—=1-C,[1].
‘ Cin — Cox ¢ (33)

In the presence of transmembrane fluid flow, a second dimensionless metric is needed for
characterizing the difference between perfusate and dialysate solute mass flow rates.
Integration of differential mass balance, Eq. (6), over the length of the membrane suggests
defining a mass-based extraction fraction as
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E = Qin ) Cin - Q()m‘ ) C(]ll[ - Jl' ) Si ) Ce.xt
M Oin - (Cin — Cexr) ' (34)

The two extraction fraction definitions are interrelated through the ultrafiltration factor.
Substituting Egs. (2), (3) and (33) into Eq. (34) yields

EM:1 - (1 _fQ) : (1 - Er)- (35)

The two metrics, E¢ and E), are thus not independent. Measurement of one, together with
fo, is equivalent to determination of the other. The above definitions are intended to be
applicable to situations of non-negative dialysate flow rate, which implies a restriction to values
of fg <1 from Eq. (2).

A salient feature of the set of dimensionless governing equations, (19)-(32) and the definitions
(33) and (34) is that the direction of the net transmembrane movement of the solute is
unspecified. This is a consequence of assumptions that the underlying processes dependent
upon the concentrations of the solute of interest are first order, i.e. the rates of the processes
are proportional to the relevant concentration. As a result, the value of an individual metric,
either Ec or Ep, should be the same whether the solute is being delivered from the perfusate
to the external medium or being sampled from the external medium by the perfusate. This
prediction is a key feature of the modeling effort. It implies that all of the probe calibration
techniques developed for pure diffusion microdialysis should be applicable under ultrafiltration
conditions. Thus, for example, in the presence of ultrafiltration the E obtained by delivery
from the perfusate (retrodialysis) should apply to sampling of the same solute under the
otherwise identical ultrafiltration conditions.

Expressions for the extraction fractions in terms of the model parameters can be obtained by
integrating the perfusate balance, Eg. (30). With the assumption that for steady state the
permeabilities and the ultrafiltration factor do not vary in the z direction, Eq. (30) can be
integrated directly. Incorporating boundary condition (25) in the solution yields

Calzl=(1-f, 2. (36)
Hence, from Eq. (33) the concentration extraction fraction is given by
E.=1-(1-f,)F, @7
and from Eq. (35) the mass extraction fraction is given by
E,=1-(- ). (38)

Thus, the magnitudes of both Ec and Ej are functions of fg and, through ¢, the permeabilities.
However, for a given fq value, the value of Ec is independent of the direction of the
concentration driving force, i.e., the value is the same whether Cj,>Cgy; OF Cij < Cext. Likewise,
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the Ep value for inward and outward diffusion is identical. As noted in the paragraph above,
this symmetry between the sampling and delivery modes of microdialysis operation is an
important consequence of the linearity of the governing equations that is retained in the
presence of transmembrane fluid flow.

In the absence of ultrafiltration (J; = 0 and fg = 0), the concentration and mass extraction
fractions become identical and Egs. (37) and (38) reduce to the previously derived expression
[16, 17] for the diffusional extraction fraction, Eq. This can be shown by employing the identity,
1- fQ)f =exp[¢ - In(1 —fg)], and the asymptotic expansion, In[1 — fo]~ — fg in the limit as
Jo — 0. For example, from Eq. (37)

E.=1-exp[&-In(1 - f,)] ~ 1 —exp[-£- /] as f, > 0. 39)

Then, from Egs. (3) and (31)

Pg,),' : Si .
E.=1-exp for f,=0.

in

(40)

The equality of Ec and Eyp, in the no ultrafiltration limit follows directly from Eq. (35) or from
Eqg. (38) and the limit

P,
lim (1 — f,)¥*'=lim (i‘ﬂ) : (
fp—0 Ji—0

Ji-Si\_Py; - Si
Ji

Qin Qin . (41)

2.8. 1-D approximation by axial averaging

The membranes employed in commercial microdialysis probes have radii in the range 0.1 <
ro<0.3mmand accessible lengths of 1 < L;, <30 mm. Furthermore, the membrane thicknesses,
ro — rj, are much smaller than either radii. As a result, the contributions of diffusion and
convection in the axial direction within the membrane are generally small compared with those
in the radial direction. Neglecting the axial contributions permits simplifying analytical
solutions to the governing membrane equations. In addition, there is good justification for
neglecting axial variation in the parameters, such as the permeabilities. This facilitates
explicitly rendering the governing equations one-dimensional by axial averaging. The
definition of the axial average concentration is

©1r=[,Clrl-dz “2)

Applying axial averaging to Eq. (20) and boundary conditions (22) and (23) leads to the
concentration profile in the fluid phase of a homogenous porous membrane given by

(Cryrn - (Cﬁ,>: L o
AR

(43)
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Illustrative profiles generated from Eq. (43) are displayed in Fig. 2 for several positive and
negative values of #« in the range to be encountered in the experiments of section 4. In the
absence of convection (¥« = 0), Eq. (43) reduces to

(Ctn=(Cr) i

(Ci)=(cp) Mlnilrol 8

For thin membranes the profile from Eq. (44) is nearly linear, as indicated by the bold
intermediate curve in Fig. 2. Transmembrane convection distorts the profiles in the flow
direction.

The assumption of axial uniformity in the permeabilities leads to the following expressions for
dimensionless permeabilities from solution (43) and axial averaging of definitions (27) and
(28)

N = i P = rilTo [d<cf>] :@m - (1 1o)Pm
" Dy <Cﬁ> - <Cﬁ7> dr - 1= (ri/rp)?"° .
N = r()'Pmo:_ 1 (d(Cf>] _ Om
me Dm <Cﬁ> _ <Cfo> dr . 1 - (ri/l"o)s')’" . o

The presence of the membrane Péclet number on the right-hand-sides indicates that the
magnitudes of these solute diffusive permeabilities are influenced by convection. The Péclet
number can be either positive or negative depending on the direction of the fluid flux, but the
permeabilities are positive quantities that simplify in the absence of transmembrane flow to

N =N, for p,,=0.

U_ln(r()/ri) (47)
The solution to Eq. (21) for radial flow in the membrane is
Vim= 1 /r~ (48)

Substituting Eqs. (43) and (48) into the axially averaged form of the equation for solute flux,
Eg. (11), leads to the following nondimensional expression for the solute flux at any radial
position in the membrane

V()'(<N,21>_J{)-<C};)> /I’)_xol. ;}
D= () = (€L ) =il (49)

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bungay et al.

Page 12

Although the total solute flux from Eq. (49) is proportional to 1/r, the diffusive and convective
contributions exhibit a stronger opposing dependence on radial position. These separate
contributions can be expressed as

;3
To - <Nm>d[ﬁmive _Pm l rom J

Dn-(C)-{C, ) T 1=l | 50

and

o - ((Nzln>conveclive JO <ij> /r) _ m I 1 —p¥m ]

D,,,.((c'ﬁ>— c'f(_>) T =il | 1)

In the absence of convection the flux reduces to

ro - <]v/,n>g,7m:0 _ 1
Dy (1) = {C, )y r-Inlro/ril

(52)

The interplay between diffusion and convection within the membrane is illustrated in Fig. 3

for delivery with C}:,:O- To highlight the difference generated by convection, the fluxes in the
presence of convection, Egs. (49)-(51), are divided by the pure diffusive flux, Eq. (52).

2.9. Membrane diffusivity evaluated from no-fluid-flux condition

The dependence of the membrane diffusive permeabilities, P, and Pr,,, on transmembrane
fluid flow has been expressed through Eqgs. (45) and (46). To calculate a permeability for any
desired level of fluid flux requires a value for the solute effective diffusion coefficient in the
membrane, Dy,,. Our approach to determining the latter is to calculate the value from the
permeability at the inner surface in the absence of transmembrane flow

Dm:(Pm,-)fQ:O cric In [ ro/ri] .

(53)
The pure diffusion Py, can be calculated from the rearranged limiting form of Eqg. (40)
ws ws Si/Qil
(E(,S)f 70:(EM‘§)f 7021 — exp _l+—11 s
e o Py P
b e (54)

using a value for the pure diffusion extraction fraction obtained by interpolation or
extrapolation to fq = 0 of Ec or E) values measured in the presence of transmembrane flow,
i.e., for various non-zero values of fg. The superscript “ws” indicates that we assume the
external medium is sufficiently well stirred to render the term, (P, / Pm;) / Pext, Of negligible
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magnitude in comparison with the sum of reciprocals of the annulus and membrane

permeabilities in Eq. (32). Also, for the annulus permeability we employ the asymptote, P,
derived in the Appendix.

3. Steady-state fluid transport theory

For membranes of sufficiently high fluid permeability the fluid transport (hydraulic) properties
of the probe can be conveniently assessed under in vitro conditions shown schematically in
Fig. 4. Quantitative characterization of the hydraulics requires a separate fluid transport
mathematical model from the model developed for evaluation of the solute transport
parameters. The model uses the hydraulic conductivity, Hp,, as one measure of the ease of fluid
permeation through the membrane. This property is defined as the coefficient of proportionality
between the ultrafiltrate fluid flux and the transmembrane pressure difference, Apm,

Hm = Qin - Q()m‘ '
S Apm (55)
where,
Su=2nLy - (ro — rp)/In[ry/ri], (56)

is the log mean surface area of the membrane. A measure with less temperature sensitivity than
Hy, is the membrane Darcy conductivity in Eq. (10), which is related to the hydraulic
conductivity in Eq. (55) by

Km=Hp -1 (ro — 7). (57)

The ultrafiltration is driven by the total transmembrane pressure difference (Apy,), which is the
sum of the dynamic (Apgyn), hydrostatic (Appyq), and osmotic pressure differences (Ap,). The
latter has been neglected in the present treatment, since the perfusate and external medium
solutions in the current experiments differed only in low concentrations of the analyte and the
membrane was not selectively permeable to any of the solution constituents. However, there
are a number of reports in the literature in which osmotic pressure differences have been
deliberately imposed to avoid net transmembrane flow by counteracting the hydrostatic and
dynamic pressure effects [1-3] or to augment inward ultrafiltration [8,9]. Also, the probes are
likely to be used with larger solutes whose transport through the membrane may be hindered.
Consequently, there would be merit in a future extension of the model to include the influence
of osmotic pressure. For present purposes the model will be developed to support generating
a wide range of controlled transmembrane flow by varying Appyq and Apgyp.

The treatment of hydrostatic pressure is simplified, since the densities of the perfusate and
external media were the same, except for minor differences due to temperature and
concentration of the analyte solute. The transmembrane hydrostatic pressure difference is then
generated only by the effluent fluid column. This pressure difference thus depends upon the
elevation of the collection vial relative to the probe and can be represented by
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Aph_\‘d =pgAh, (58)

where p is the solution density, g is the gravitational constant and Ah is the difference in height
between the fluid interfaces in the collection vial and the external medium as shown in Fig. 4.
In the experiments the vertical position of the collection vial relative to the level of the unstirred
external medium interface was varied by an apparent height, Ahgp,. The offset, h., between
Ah and Ahgpy was an additional parameter that, where necessary, could be determined from
the experiments. The offset may represent additional driving forces, such as surface tension
effects or pressure associated with stirring of the external medium

Ah:Ahapp+h+. (59)

The dynamic pressure varies because of resistance to flow within the afferent and effluent
tubing, the probe annulus and the other intervening channels within the probe. To obtain the
contribution to transmembrane pressure from the annulus dynamic pressure, p,, we will assume
the annulus is concentric and the pressure gradient in the fluid can be approximated by the
following expression

dp, |zl
Palv g ,
dz a Qa [z] (60)

in which the annular flow rate for uniform transmembrane flow from Eq. (4) is
Qa[Z]:Qin'(l _fQ'Z)s (61)
and the resistance to annular flow is

877 ) Lm

iRa: P s
- (1= ¢4+[1- g2 /In[ 1) (62)

with, ¢ =reann/ 1i. Equation (62) expresses the resistance for steady annular flow in the absence
of fluid loss or gain through the annulus walls [18]. Combining Egs. (60) and (61) and
integrating from z to z =1 gives

pal2l=pal11+[1=2=f,- (1 =2)/2| - Ry Q. (63)

Applying axial averaging to Eq. (63) leads to the desired difference between the axial-average

1
annulus pressure, (Pa) =f017a [z] - dz, and the pressure at the outlet end of the membrane
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1 2
Apa=(pa) — Palll =5 (1 - gfg)-‘Ra - Qin-

(64)

The pressure drop in the effluent dialysate downstream of the membrane will be denoted by
Apes. Expressed in terms of flow resistance, this is given by

Apefr=Ref - Qour=(1 = f) - Ref - Qin, 5)

the latter form of which utilizes the limit of Eq. (61) at z =1, 0/, [ 1] =Q,., In experiments to
determine probe hydraulic properties, Qqyt can be negative for values of fg >1 corresponding
to dialysate flow from the collection vial into the probe. However, for measurement of solute
extraction fraction by dialysate sampling from the collection vial, the above expressions are
restricted to positive values of Qj, and Qqyt, and hence, fg < 1.

Summing the hydrostatic and dynamic pressure contributions to the transmembrane pressure
difference gives

Apm:pg(Ahapp+h+)+Apa+Apeﬁ" (66)

Combining Egs. (55), (64), (65) and (66) to eliminate App, and rearranging leads to

P8(Ahypp+h.)
f= Qin
o 1

Hm -S m

+1R, ARy

1
+§‘Ra+‘Reﬂ ©67)

This relationship suggests the following two procedures for evaluating the probe hydraulic
properties.

3.1. Assessing hydraulic properties by varying hydrostatic pressure

Under the assumption that the resistances are not affected by pressure, Eq. (67) predicts a linear
relationship between fg and pgAh,p, at fixed Qj, with a coefficient of proportionality

[ : ] 1
my=|—————- —,
H,,,l-S,,, + %‘Ra +‘R€ﬁr Qin

(68)
and an intercept for Ahgp, = 0 of
oghe L1+
br=(f,) 0y 27t
h=\. -0 1 e o
O e Rt Rep (69)

Combining the above equations yields the following expressions
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1
Hy,= — s
Sm- l( tpgh) ﬁ%m"] (70)
and
R ( : 1 ) I‘R
— — — I1  — i — .
o h paie Qin 2 ¢ (71)

If pgh. can be neglected, Hy,, and the effluent resistance can be estimated directly from these
expression using values for my, and by, obtained for each Qjy, by linear regression between pairs
of fq and pgAhapp measurements. If pgh. is significant, this offset is amenable to estimation

as well in the following manner.

3.2. Assessing hydraulic properties by varying perfusate flow rate

An alternative procedure to test for the hydraulic properties is to measure the ultrafiltration
factor as a function of perfusate flow rate. According to Eq. (67) the dependence of fg upon 1/
Qin is linear with a slope and intercept given by

= P&(Ahgpp+h.)
¢ e+ IR Ry |

Hm'Sm (72)
and
1
b=y,
[ 270, - 1 1 ’
I/Q‘” ’ m'Sm+§§‘Ra+€R€ﬁ (73)
Solving Egs. (72) and (73) for the hydraulic properties yields,
Ho— 1
" [ UboresBhaythe) g ]
" ) 6 (74)
and
bQ 'pg(Aha17p+h+) 1
off = - 3%
mgy (75)

If measurement data sets of fq as a function of 1/ Qj, are obtained for several values of
Ahgpp, then Eq. (72) suggests that linear regression of the mq slopes against Ah,,, could yield
an equation for estimating the offset pressure as
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h,=—(Ah .
== W), (76)

Comparing Egs. (69) and (73) reveals a useful interrelationship between the intercepts for the
two approaches is

bo=(bn),q, —o* a7

which represents the limit at which the dynamic contribution dominates over the hydrostatic.
Estimates for other parameters appearing in the model equations are summarized in Table 1.

3.3. Assessing probe internal hydraulic resistance

The effluent resistance can be subdivided into two contributions: R, the probe internal
hydraulic resistance for effluent flow downstream of the membrane, and R, the resistance
to flow in the outflow tubing

EReff:mim+<~Rour- (78)

The outflow tubing resistance can be estimated from the Hagen-Poiseuille equation

817 L ous
nr i’m (79)

b out=

in which Lyt and rq¢ are the tube length and inner radius, respectively. The internal resistance,
Rint, €an vary between probes or between applications when a probe is reused. Equations (78)
and (79) provide the means for determining this probe hydraulic property from the estimates
for effluent resistance.

4. Experimental methods

Quantitative characterization of microdialysis probes was performed in vitro with the probes
immersed in a well-stirred fluid medium at constant temperature. Well-stirred is meant to imply
the absence of resistance to mass transport of the solute of interest within the external medium.
When this condition is achieved, well-stirred extraction fraction measurements reflect the
solute transport properties of the probe.

Measurements were made with a 20-ml vial filled with artificial cerebrospinal fluid (aCSF)

that was stirred by a magnetic bar spun at maximal rotational speed. The aCSF temperature

was maintained at 37°C by a thermostatically controlled water jacket. A CMA/12 probe (CMA
Microdialysis, North Chelmsford, MA) was suspended in the aCSF through a hole in the vial
cap as shown schematically in Fig. 4. The probe was perfused with aCSF from a screw-drive
syringe pump at a steady inflow rate, Qj,. The effluent dialysate flow rate, Qqt, Was determined
gravimetrically from the difference between the initial and final weights of the collection vial.
The ultrafiltration factor, fg, was calculated from Eg. (2). FEP tubing 50-cm in length and 0.12
mm in inside diameter was used for both the afferent flow from the pump to the probe and the
effluent flow from the probe to the vial. In experiments to determine the effect of varying the

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bungay et al.

5. Results

Page 18

inflow rate on fg, the pump was set to deliver 0.5, 1, 2 or 4 uL/min. To alter the hydrostatic
pressure within the probe, the vertical position of the collection vial was varied, with measured
differences in elevation of the menisci in the collection relative to that in the immersion vial,
Ah, being maintained typically at—25, —12.5, 0, +12.5 or +25 cm. The hydraulic conductivities
and effluent resistances were determined from the fo measurements for CMA/12 probes
constructed with 3-mm and 4-mm lengths of 100-kDa nominal molecular weight cutoff
(MWCO) polyethersulfone (PES) membrane. In an experiment to validate the fluid transport
model, both perfusate flow rate and collection vial elevation were varied for a single 4-mm
probe.

In an experiment to concurrently measure extraction fractions for sampling and delivery,
probes were perfused with a solution containing difluorofluorescein (2FF, D6145) while
immersed in a solution of fluorescein (FLR, F1300), both dyes purchased from Molecular
Probes, Eugene, OR. The dialysate samples were analyzed for both compounds using HPLC
with fluorescence detection and the concentration-based extraction fractions were calculated
from Eq. (33) as

Cin - Cout
Ee— poal

E!" [2FF loss] =
in e (80)

5 C
and E"” [ FLR gain| = Cw”

The corresponding mass-based extraction fractions, E'*, were calculated from Eqg. (35).

Alternatively, loss and gain extraction fractions for [14C]-mannitol (CAS No. 88404-24-4,
Moravek Biochemicals, La Brea, CA) were obtained separately by adding the radiotracer to
either the perfusate for delivery (loss) experiments or to the external medium for sampling
(gain) experiments. Although variation in fq was achieved for the hydraulic property
characterization by altering both Qj, and Ah, only the latter was varied for the extraction
fraction measurements. The dialysate and the external medium samples (200 pL) for each
Ahwere sampled in triplicate, and 4 mL of scintillation fluid (ScintiSafe Econol cocktail; Fisher
Scientific Co., Pittsburgh, PA) was added to each sample. The 14C radioactivity was determined
by liquid scintillation counting (LS-6500; Beckman Coulter, Inc., Fullerton, CA). Probes
employed for multiple experiments were stored in glycerin between uses.

The equations governing fluid and solute transport as formulated in sections 2 and 3 were
rendered amenable to analytical solution by invoking simplifying assumptions of linearity,
geometric symmetry and uniformity of physical properties. As a result, data analysis for
validating the models and determining probe properties could be performed with spreadsheet
software.

5.1. Validating the fluid transport model

As predicted by model Eq. (67), measured ultrafiltration factor (fg) values varied linearly with
either the inverse of the perfusate flow rate (Fig. 5a) or the elevation of the collection vial, (Fig.
5b). The range of these control variables, Qj, and Ah,pp, was sufficient to drive fg values over
a wide range from —0.8 to +1.7. Values of fg exceeding unity indicate that the outwardly
directed ultrafiltrate consisted of all the afferent perfusate fluid supplemented by reverse flow
from the collection vial to the probe. In these experiments the collection vial was prefilled with
aCSF and raised to the high elevation of +25 cm. Negative values of fg correspond to situations
of inwardly directed transmembrane flow, which causes the effluent dialysate flow rate to
exceed the perfusate flow rate. Inward flow across the membrane can occur when the internal
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pressure is made less than that in the external solution by locating the collection vial well below
the probe, such as at the —25 cm elevation. The model predicts that the lines in Fig. 5a converge
to a common intercept, Eq. (77), representing the condition at which the hydrostatic
contribution to ultrafiltration is negligible relative to that from the hydrodynamic pressure.

The slopes, mq, of the regression lines in Fig. 5a depend linearly upon vial elevation (Fig. 6)
as predicted by Eq. (72). According to Eg. (72), the elevation corresponding to mg = 0 is the
offset parameter, h,, whose value obtained from the regression equation is 2.1 cm. The source
for this pressure offset is undetermined, but could in part represent contributions from external
medium stirring or interfacial tension in the collection vial.

5.2. Assessing probe hydraulic properties

The slope and intercept values obtained by linear regression to the data in Figs 5a and 5b permit
estimation of quantities characterizing the hydraulic performance of the probes: the membrane
hydraulic conductivity (Hy,) from either Eq. (70) or Eq. (74), and the effluent resistance
(Refr) from either Eq. (71) or Eq. (75). These calculations require the probe geometric
dimensions and the estimate for the annulus resistance (R ) given in Table 1. The elevation
offset value, hy = 2.1 cm, is used as well, although the calculations are relatively insensitive
to the magnitude of this parameter. The values obtained for the hydraulic properties for probe
41 are given in Table 2. The apparent Darcy conductivity values (xn,) calculated from Hy,
using Eq. (57) are also included. The coefficient of variation of 22% suggests the
reproducibility obtainable for Hy, and «, from repeated measurements on a given probe. The
conductivity value for Hy, obtained for the vial elevation of Ah,p, = 0 is unreliable, since the
calculation is too sensitive to errors in determination of the value for the small slope, mg, in
the denominator of Eq. (74). Excluding the Ah,p, = 0 values reduces the coefficient of variation
to 9% for the remaining six conductivity values. The conductivity values remained within a
narrow range in repeated uses of the probe during a two-month period (Tables 2 and 3).
However, for a second probe the conductivity significantly increased over a similar seven-
week interval (Table 4).

The variability in probe hydraulic properties among probes was assessed for six probes with
3-mm nominal membrane lengths (Fig. 7 and Table 5). The coefficient of variation in the
conductivity values was 21% indicating a consistency in this property among probes of the
same length. It was anticipated that the conductivity would be independent of membrane length.
However, the mean value of Hy, = 0.35 xL/(min-cm2.cmH,0) for the 3-mm membranes
appeared to be appreciably less than the values obtained for the probes with 4-mm membranes
(Tables 2, 3 and 4). The magnitude of the Hy,, values fall within the broad range of water
permeability values tabulated by Aptel and Clifton [19] for other commercial ultrafiltration
membranes of varied composition, configuration and MWCO. They are comparable to values
of 0.34 and 0.22 xL/(min-cm2.cmH,0) calculable from the water permeability data of
Kanamori et al. [20] for polyacrylonitrile and polysulfone hemodialysis fibers, respectively.

As noted in section 5.1, both inward and outward transmembrane flow was generated in several
of the data sets in Figs. 5 and 7. No change in slope was found in transitioning between inward
and outward flow. This suggests that the hydraulic conductivity of this asymmetric membrane
is independent of the direction of transmembrane flow, in contrast to observations with a
different asymmetric polyethersulfone hollow fiber by Li et al. [7]

While the coefficient of variation for the Hy,, values was only 21%, the internal resistance
Rint varied over more than a 14-fold range among the probes (Table 5). This resistance, was
noticeably high for probe 34, but also elevated for probe 3¢5. It is uncertain whether this
variability in R, arises from variation in probe geometry or to factors introduced during
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preparation for the measurements, such as debris or air bubbles trapped downstream of the
membrane despite filtering and degassing of the perfusate solutions.

Snyder et al. [11] demonstrated that lower MWCQO membranes in commercial microdialysis
probes were also susceptible to perfusate loss through ultrafiltration as a consequence of
backpressure generated in the outflow tubing. These authors tested three membranes differing
in MWCO from 6 kDa to 29 kDa. In all three membranes the degree of loss varied with the
outflow hydraulic resistance and the effluent flow rate as illustrated in Fig. 8. At a typical flow
rate of 1 uL/min, the loss varied between 4% and 17% for the three membranes and different
outflow resistances. However, the authors do not mention the influence of hydrostatic pressure
and do not report the relative position of the probe and the collection vial required by Eq. (74).
As aresult, the probe hydraulic properties values cannot be reliably determined from their data.
However, it is possible from the high outflow resistance results to estimate upper bounds on
the membrane hydraulic and Darcy conductivities, assuming that the vial elevation was kept
the same within the measurements for each probe type. With this assumption, Egs. (72) and
(73) can be combined to yield,

b
H,= ~

S| (5 = 1bg) Rat(1 = b)Reg | (81)

The total effluent resistance, Ref, is not known, but the effluent tubing contribution can be
estimated from Eq. (79). Substituting Ryt for Resr in Eq. (81) leads to the upper bound
estimates in Table 6. As expected, the aqueous permeability of these membranes is
considerably less than that of the 100-kDa asymmetric PES membrane used in the current
study.

5.3. Validating the solute transport model

The solute transport measurements were all conducted at fixed perfusate flow rates of either 1
or 2 uL/min. Ultrafiltrate flow was altered by varying the height of the collection vial.
Concurrent measurement of gain and loss extraction fractions (Fig. 9) was achieved by
examining the sampling of fluorescein (FLR, MW 332.3 Da) from the bathing medium while
delivering a fluorescein analog, difluorofluorescein (2FF, MW 368.29 Da). In subsequent
measurements with [14C]-mannitol (MW 184.19 Da), the gain and loss extraction fractions
were determined in separate experiments.

The concentration-based extraction fraction (Ec) for gain of FLR during sampling exhibited
little dependence on fg (Fig. 9). There was wider variation in the Ec values for loss of 2FF
during delivery and the values were somewhat higher than those for sampled FLR, but generally
of similar magnitude. The mass-based extraction fractions (Ey) exhibit strong, nearly linear
dependence on fq. The probe used in these measurements exhibited a high internal hydraulic
resistance (3+4, Table 5), which accounts for the high degree of ultrafiltration (0.35< fg <0.7).
The procedure for applying the solute transport model involves determining the value for the
extraction fraction at the no-flux point (fo = 0) as indicated in section 2.8. Extrapolation to the
no-fluid-flux condition could not be done reliably with this data set. Instead, the value for the
effective diffusion coefficient in the membrane was adjusted by trial and error to Dy, =
8.7x1077 cm?/s to generate the curves for the concentration and mass extraction fractions
shown in Fig. 9. The values for the free solution diffusion coefficients were estimated from
the value for sucrose assuming an inverse square root of molecular weight dependence. The
ratio of the diffusion coefficient values is Dy,/D4 = 0.13.
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Two 4-mm PES membrane probes were used in the solute transport measurements with [14C]-
mannitol. The extraction fractions were measured at an inflow rate of 1 uL/min for probe 42
(Fig. 10) and at 2 pL/min for probe 4«1 (Fig. 11). For the same 50-cm variation in collection
vial elevation, a much larger variation in fq is produced at 1 pL/min (-0.15< fq < +0.78) than
at 2 uL/min (+0.16< fo <+0.68), as in Fig. 5b. As a result, the extraction fractions for no fluid
flux (fq = 0) could be determined by interpolation at the lower flow rate (Fig. 10), while
extrapolation was required in Fig. 11. At the point of no fluid flux, solute exchange across the
membrane occurs by diffusion, hence these extraction fraction intercepts permit estimation of
the effective diffusion coefficient in the membrane (Dy,) from Egs. (53) and (54). Dy, is the
only remaining parameter in the solute transport model whose value needs to be determined
from the data. Whereas mean hydraulic conductivity values were similar between the two
probes (Tables 2, 3 and 4), the mannitol Dy, values differed between the probes (Table 7).
However, the Dy, values obtained from the separate sampling and delivery experiments were
close for each probe. Hence, for the purpose of comparing the extraction fraction measurements
to model predictions for each probe, the sampling and delivery data were pooled to yield a
common Dy, value. Although it would be preferable to perform a non-linear fit of Eqs. (37) or
(38) to the data to estimate the no-fluid-flux extraction fractions, simple linear regressions
appear to suffice as shown for the results in Figs. 10 and 11. This seems more reasonable for
regressing the mass-based extraction fractions, Eyy, in Figs 10B and 11B, since the predicted
dependence on fq is much closer to linear than for Ec in Figs. 10A and 11A. However, for both
probes, the Ec intercept agreed with the E), intercept to within 1% as required by Eq. (54).

6. Discussion

In conventional microdialysis loss or gain of fluid through the membrane is minimized through
system design or use of osmotic agents. The reliance on diffusion to produce solute exchange
across the membrane imposes limitations. Incorporating transmembrane convection may lead
to performance improvements and greater opportunities for utilizing the technology, such as
improving local delivery of therapeutic agents for in vivo applications. The principal objective
in the current study was to describe the influence of transmembrane flow on solute exchange
to provide a knowledge base for exploiting “convective microdialysis”.

6.1. Characterizing probe hydraulic properties

A prerequisite for these studies was to be able to produce controlled, but variable, loss or gain
of fluid across the membranes. For commercially available probes the necessary
transmembrane pressures were achieved by a combination of varying the inflowing perfusate
volumetric flow rate and the relative vertical positions of the effluent collection vial and the
probe. These procedures altered the dynamic and hydrostatic pressure contributions to the
transmembrane pressure, respectively. Gravimetric measurement of the probe effluent,
together with mathematical modeling, permitted the evaluation of membrane fluid
conductivities and effluent hydraulic resistances for probes with an MWCO of 100 kDa (Tables
2-5). Table 5 includes illustrative probe internal hydraulic resistance values, Ry, estimated
by subtracting the tubing contribution from the overall effluent resistance, R¢. The ability to
assess the internal resistance can provide an indication of undesirable problems, such as leaks
or constrictions to dialysate flow within the probe that could affect probe performance by
altering the degree of ultrafiltration. The results in Table 5 suggest that differences in
ultrafiltration between nominally identical probes are more likely to arise from high interprobe
variability in R, rather than from variation in membrane hydraulic conductivity.

Upper bounds on the membrane hydraulic conductivity were also estimated from published
fluid loss measurements on other commercial microdialysis probes with 6, 20 and 29-kDa
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MWCO membranes (Table 6). However, the absence of hydrostatic pressure data precluded
the estimation of internal hydraulic resistances for these probes.

6.2. Equality of sampling and delivery extraction fractions

Solute exchange between the perfusate and the external medium was then examined by
determining loss and gain extraction fractions for several fluorescent or radiolabeled low-
molecular-weight tracer solutes. Equality was obtained between sampling (gain) and delivery
(loss) extraction fractions in the presence of transmembrane convection, thus supporting a key
prediction from the linear solute transport model. This equality is important because it means
that probes can be calibrated in the presence of transmembrane convection using the same
techniques developed for traditional diffusional microdialysis, such as retrodialysis and no-net
flux that involve delivery of a calibrator solute from the perfusate to the external medium.

The equality of gain and loss extraction fractions would have been expected from the
dimensional concentration profiles in Fig. 2 that are applicable regardless of the direction of
diffusion and convection. The profiles of the normalized concentration for solute delivery are
mirror images of the profiles for solute sampling. In both situations, transmembrane convection
causes the concentration profiles to bow in the direction of fluid flow.

This result arises from the linearity of the governing equations. Linearity imposes constraints,
such as the absence of appreciable concentration polarization [19] of the solute in the annular
and external solutions. The 100-kDa MWCO probes used in the experiments were intended,
in part, for use with higher molecular weight solutes for which the effect of concentration
polarization could be an important consideration. This may have been a factor in the large
discrepancies between gain and loss extraction fractions obtained by Li et al. [7] for 10-kDa
and 70-kDa dextrans with probes constructed from a 3,000 kDa MWCO polyethersulfone
hollow fiber. The discrepancies were only obtained when transmembrane flow was inward.
No significant differences were noted in the absence of ultrafiltration or when the flow was
outward. If concentration polarization was a factor in this result, the asymmetric structure of
the membrane may also have played a role.

6.3. Influence of transmembrane convection on extraction fraction

Although equality is predicted, the magnitude of both gain and loss extraction fractions varies
with fg and other parameter values. The dependence of the mass-based extraction fraction,
Ewm, is a strong and monotonically increasing function of fq as illustrated by Figs. 9, 10B and
11B. This monotonic behavior corresponds to the predictions in Fig. 3 in which the total
outward solute flux across the membrane is reduced by inward fluid flux (¥~ < 0) and increased
by outward fluid flux (¥« > 0).

The concentration extraction fraction, Ec, has a much different dependence upon fg than Ey.
Ec always exhibits a minimum, since it approaches unity for both extremes of fo — — o and
fo — +1. The model predicts there is a steep increase in Ec as fo — 1. However, there are
conditions over which the variation in Ec with fg is weak, as for example for mannitol in Figs.
10A and 11A for small and moderate values of fg. Snyder et al. [11] found no significant
variation in E¢ with fq for uric acid and phenothalein glucuronide for polycarbonate membrane
probes with ultrafiltration fractions in the range 0.02-0.17 and polyacrylonitrile membrane
probes with fq from 0.03-0.13. This weak dependence is probably not true, in general, as
indicated by Fig. 12. The family of curves in this figure is based on the mannitol parameter
values from the data in Fig. 10. The only parameter that has been altered is the length of the
membrane. The curve for a 4-mm long membrane with a weak dependence over most of the
fq range is the same as that in Fig. 10a. However, for successively shorter membrane segments,
the fg-dependence becomes progressively more pronounced.
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6.4. Inward ultrafiltration increases concentration extraction fraction

As noted in the previous section, increasing inward transmembrane flow tends to elevate Ec.
The portions of the curves in Fig. 12 for fq < O illustrate this behavior. Li et al. [7] found higher
E¢ gain values for all solutes tested when flow was inward than either in the absence of

ultrafiltration or when flow was outward. This finding included small solutes (glucose, lactate
and phenol red), dextrans (10- and 70-kDa) and proteins (lysozyme and bovine serum albumin).

Kjellstrom et al. [21] proposed exploiting this propensity by controlling the perfusate and
dialysate flow rates with separate “push” and “pull” pumps, respectively. With the same 100-
kDa membrane as in our measurements, these authors obtained higher extraction fractions
sampling five model proteins with inward ultrafiltration than by conventional diffusional
microdialysis. The current mathematical model does not incorporate concentration
polarization, which is promoted by inward flow across the outer membrane surface. This may
account for discrepancies between the experimental data and model simulations. However, the
model does capture the trend for one of the proteins, a-lactaloumin (MW 14 kDa), as shown
in Fig. 13. In addition to increasing E¢, inward flow can greatly increase the mass flow rate of
the analyte into the sample as indicated below.

6.5. Transmembrane mass flow rates

Although the symmetry between gain and loss also applies to the mass extraction fraction,
Ewm, as defined in Eqg. (34), it is important to stress that the analyte mass flow rate across the
membrane at any fq value is different between sampling and delivery modes. To illustrate this,
consider the solute mass flow from the perfusate to the external medium during a delivery
experiment. From Eq. (34) the normalized rate of solute mass flow is given by

E for C,,=0,

M
Qin : Cin (82)

(d_M) = Qin ) Cill - Qout ) Cr)ut -
dt delivery

whereas the corresponding mass flow rate from the external medium to the dialysate for the
sampling experiment is

dM out C u
( :M:EM - f, for Cyu=0,

dt )mml)ling Oin * Cex (83)

in which Ep, in both of the above equations can be calculated from Eq. (38). For these
normalized definitions, the mass flow rates are positive even though the direction of mass flow
for Eq. (82) is opposite to that for Eg. (83). The direction of mass flow is determined by the
direction of the diffusional contribution. For these experiments, convection can modify the
magnitude, but cannot reverse the direction of mass flow across the membrane.

The difference between the delivery and sampling rates predicted by the above equations is
illustrated for mannitol in Fig. 14. The parameter values obtained from the data in Fig. 10 were
used to calculate the curves. Similarly, the points are derived from the data in Fig. 10. Figure
14 provides a quantitative demonstration of the degree to which outward ultrafiltration (fg >
0) can be used to enhance the mass rate of delivery, while inward ultrafiltration (fq < 0)
augments the mass sampling rate. For an application in which one analyte is being delivered
while another is sampled, ultrafiltration will improve one rate and diminish the other depending
upon whether the value of fq is chosen to be positive or negative. As expected, in the limit at
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which all of the perfusate is ultrafiltered (fq = 1), there is no sample to collect, (dM /
dt)sampling = 0, and the normalized delivery rate is complete, (dM / dt)gejivery = 1. At the inward
ultrafiltration extreme (fo — —o0), delivery vanishes, (dM / dt)gejivery — 0, and the sampling
rate becomes positively unbounded, (dM / dt)sampling — —fq- Thus, in the trade-off between
sampling and delivery rates, the ability to alter the magnitude and direction of ultrafiltrate flow
ought to provide a valuable additional optimization tool.

6.6. Finite element simulations used to validate analytical model assumptions

As indicated at the beginning of section 2, a number of simplifying assumptions were employed
in developing the analytical models. To substantiate some of the assumptions more complete
model equations were solved numerically by finite element analysis using Comsol
Multiphysics (Comsol, Inc., Burlington, MA). Two-dimensional, axisymmetric steady-state
velocity profiles were obtained by simultaneously solving the Navier-Stokes equations in the
annulus and the Brinkman equations for flow through the membrane. The expression for fully
developed laminar flow was used as the axial velocity condition at the annulus inlet.
Transmembrane flow was achieved by imposing pressures differences between the annulus
outlet and the outer surface of the membrane. The resulting velocities were then used to obtain
concentration profiles by solving Eg. (12) for the membrane and the corresponding differential
mass balance for diffusion and convection in the annulus. The parameter values in Table 1
were supplemented with a membrane Darcy permeability of xp, = 2.6x1013 cm? and
diffusivities of 8.5x107% and 1.7x107% cm2/s for mannitol in the annulus and membrane,
respectively. The defaults provided by Comsol were used for the solver parameters.

As an overall test of the solute transport analytical model, probe performance under well-stirred
conditions was simulated. Analytical model predictions are in good agreement with finite
element results as illustrated by the concentration extraction fraction calculations in Fig. 12.
The agreement lends support to the assumptions in this model, such as the additivity of diffusive
and convective contributions to solute transport in the annulus invoked in developing Eqg. (6).
Some of the other major assumptions are addressed individually in the following sections.

6.7. Axial uniformity of ultrafiltrate flux

Both the solute and fluid transport models in sections 2 and 3 assume that the transmembrane
fluid flux is the same at any axial location, implying uniformity in the transmembrane pressure
drop. This is a valid approximation when the pressure drop along the probe annulus is small
compared to the mean transmembrane pressure drop. According to Eqg. (63) the annulus axial
pressure drop is given by

Apa=pa 101 = pal11= (1~ /,/2) e Qin. 4

This equation assumes the membrane remains cylindrical and concentrically aligned with
respect to the inner cannula [18]. Deviations from these assumptions would tend to reduce the
pressure drop. Equation (84) indicates that an upper bound on the pressure drop can be
estimated as Ra-Qmax, Where Qmay is the larger of Qi and Qqyt. This follows because fq is
positive for leakage out of the probe (Qir>Qqyt ) and negative for inward accumulation of fluid
across the membrane (Qin<Qout)-

In the experiments the probe temperature was maintained at 37°C, while the effluent tubing
was exposed to room temperature. Heat transfer calculations suggest that the effluent fluid
temperature equilibrates with that of the tubing within a short distance along the tubing. The
average room temperature during the in vitro measurements was 23.5°C. From Eq. (79) the
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estimated flow resistance of 50-cm of effluent tubing for this temperature is Ry = 15.4 cm
H>0 - min/ uL. The corresponding outflow pressure drop would be Apout= Rout: Qout = 15.4
cm H,O for a flow rate of Qgyt = 1 uL/min. The pressure drop within the annulus fluid at this
flow rate is Ap, = 0.01 cm H,O, as estimated from Eqg. (84) when there is no net ultrafiltration
(fg = 0). This value is small compared to both Apy and the Apjnt calculable from R i, derived
from the fits to the experimental data. Consequently, the spatial variation in pressure along the
inner surface of the membrane is small compared to the magnitude of the transmembrane
pressure, App, from Eq. (66), except when Ah is sufficiently negative to bring Apy, close to
zero. Although the uniform transmembrane flux assumption may not be valid for a situation
in which Apy, is small and comparable to Ap,, the flux is also small in such a case. These
estimates provide justification for assuming that uniform flux was achieved in these
experiments. The validity of the assumption may be different for other probes because the
pressure drops depend upon the fourth power of the radii of the annulus in Eq. (84) and of the
effluent tubing in Eq. (79). By appropriate consideration of these factors, relatively uniform
ultrafiltration appears readily achievable.

6.8. Membrane diffusive permeability

The membrane diffusive permeability is a function of the transmembrane fluid flow. Hence
establishing the near axial uniformity of fluid flux in the previous section provides justification
for the model assumption that the membrane permeability does not vary in the axial direction.
However, the scheme used for estimating the membrane diffusive permeability involves
interpolation to the condition of fg = 0. This constraint only implies that there is no net
transmembrane fluid movement for the membrane as a whole, whereas the estimation scheme
assumes the fluid is stagnant everywhere within the membrane. This assumption is inconsistent
with the existence of a non-zero axial pressure drop in the annulus fluid. It is likely that there
is some outward flow in the upstream half of the membrane and inward flow across the
downstream half, although these flows should be small as a corollary to the arguments in the
previous section that the annulus pressure drop is small for the short membrane lengths
employed in this study. Kanamori et al. [20] suggested that this unavoidable local variation in
transmembrane flow influences the calculated diffusive permeability values, but less than
expected even for longer membrane lengths than were used in the current experiments. Finite
element simulations for the case of fg = 0 provided further support for the conclusion that axial
variations in transmembrane flow were small in the current experiments.

In the absence of transmembrane convection, the membrane permeability is typically small
compared to the annulus permeability. However, this may change when transmembrane flow
occurs because the effect on two permeabilities differs. Figure 15 illustrates a situation in which
the model predicts that inward convection will produce a reversal in the relative magnitudes
of the two permeabilities. However, the membrane permeability is the dominant contributor
to the overall permeability, ", over the full range of fq.

6.9. Membrane effective diffusivities

The membrane effective diffusion coefficient is the one physical parameter that is evaluated
from the experiments. Conversely, itis the one probe characteristic, in addition to the geometric
parameters, that is necessary for using the model to predict behavior for other probes and other
solutes. Schutte et al. [22] made effective Dy, measurements for proteins and dextrans of a wide
range of molecular weights in 100-kDa polyethersulfone membranes using a different model
microdialysis probe from the same manufacturer as in the current study. These authors
measured dialysate sample weights in their experiments and reported no mean transmembrane
flow, but a wide variation in fluid gain and loss (fq = 0.0+0.4). Reanalyzing the data of Schutte
et al. [22] with the solute transport model of section 2 for fq = 0 yielded the Dy, / D4 values in
Table 8. Except for the smallest solute pair, the Dy, / D5 values were of similar magnitude
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between proteins and dextrans, but considerably smaller than the mean value of 0.28 for 184-
Da [*4C]-mannitol from Table 7 and the mean value of 0.13 for FLR and 2FF with an average
molecular weight of 350 Da.

Trickler and Miller [3] used the equivalent of Eq. (40) to calculate overall permeability-area
products for fluorescein and dextrans in the absence of ultrafiltration. These authors used the
same model CMA/12 probes with 4-mm PES membranes as we did. They prevented the
ultrafiltration by adding bovine serum albumin to the perfusate as an osmotic agent to
counteract the effluent backpressure. Their measurements were made at room temperature with
the probes immersed in a well-stirred solution of the analytes. For an assumed constant
temperature of 23°C, Dy, / D, values calculated using Eq. (53) for the dextrans are given in
Table 8. The values are consistent with those obtained from the measurements of Schutte et
al. [22].

Trickler and Miller [3] reported fluid loss occurred when the probes were perfused with the
same buffered electrolyte solution as that used for the external medium. The ultrafiltration
factor of the order of fq = 0.16 appeared to be independent of Qj,. The outward ultrafiltration
reduced extraction fraction values for all of the analytes as predicted by the model of section
2. In calculating overall permeability-area products as the slopes of linear regressions between
—In[1- Ec]and 1/ Qjp, Trickler and Miller [3] implicitly assumed that membrane permeability
is independent of transmembrane fluid flux. This is in conflict with Eqgs. (45) and (46) that
predict the permeability to be a function of membrane Péclet number.

6.10. Membrane asymmetry

The polyethersulfone membrane in the CMA probes is asymmetric in structure with a thin
inner layer of lower permeability supported by a thick open outer layer [23]. The solute
transport model as presented applies to membrane of uniform properties. However, since it is
a linear model, it is amenable to modification to describe transport across layers of a composite
membrane in which the properties of the individual layers are separately uniform but different
in value. In the present results, properties values such as the effective diffusion coefficient in
the membrane represent weighted averages of the contributions of the layers.

6.11. External medium permeability

It has been assumed that well-stirred conditions were obtained in the solute transport
measurements. This assumption was not verified. The same degree of vigorous stirred was
maintained for all of the measurements. The presence of a non-negligible contribution by the
external medium permeability term to Eq. (54) could have caused the effective membrane
diffusion coefficients to be underestimated. Any underestimation would likely have been
comparable in the sampling and delivery experiments and, if so, not have resulted in a
difference between the gain and loss extraction fractions.

7. Conclusions

We have delineated the influence of ultrafiltration in the use of microdialysis probes for
sampling and delivery of low molecular weight solutes. The principal limitations in the
treatment are the neglect of concentration polarization in the internal and external fluids and
the assumption of concentration linearity. The mathematical expressions obtained are readily
programmed in spreadsheet software for the design and interpretation of experiments. As a
consequence of linearity, equality of sampling and delivery extraction fractions is retained in
the presence of ultrafiltration. Thus, the solute calibration techniques employed in traditional
diffusion-based microdialysis remain applicable. This permits sampling for estimating external
fluid concentrations while simultaneously utilizing transmembrane convection to improve
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rates of delivery from perfusate to the external medium. The ultrafiltrate flow is affected by
probe internal hydraulic resistance, which can vary considerably among nominally identical
probes. Quantitative protocols should probably include determination of mass and fluid
transport characteristics for each probe when encountering substantial transmembrane
convection. For probes with high molecular weight cutoff membranes and attendant high
hydraulic conductivities, ultrafiltration is difficult to avoid without the use of separate pumps
for the afferent and effluent streams [7,21]. The current analysis provides a basis for assessing
the effect of ultrafiltration on extraction fractions, whether unintended or deliberately imposed
for the purpose of enhancing sampling or delivery capabilities.
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aCSF artificial cerebrospinal fluid
CED convection-enhanced delivery
2FF difluorofluorescein

FLR fluorescein

MW molecular weight

MWCO molecular weight cutoff

PES polyethersulfone

Nomenclature
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intercept

solute concentration

diffusion coefficient

diameter

extraction fraction

ultrafiltration factor defined in Eq. (2)
gravitational constant

hydraulic conductivity

height

fluid volume flux in radial direction
length

mass

slope

solute mass flux in radial direction
nondimensionalized diffusive permeability (Nusselt number)
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Greek letters

g N O

Subscripts

a
app

cann

diffusive permeability

pressure

Péclet number

volumetric flow rate

hydraulic resistance

radial position relative to probe axis

superficial area of membrane exchange surface

time

velocity

axial position relative to inlet end of membrane exchange surface

viscosity

Darcy conductivity

density

ratio of annulus radii

ratio of overall permeability to the ultrafiltrate flux

annulus

apparent value

concentration basis

inner cannula

dialysate

dynamic

effluent dialysate

external medium

fluid phase in membrane

related to varying the height of dialysate collection vial
hydrostatic

inner surface of membrane

inlet end of membrane exchange surface
effluent fluid internal to probe

index number

mass basis

membrane; based on whole membrane volume
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outer surface of membrane
outlet end of membrane exchange surface or outflow tubing
probe (annulus fluid+membrane)

volumetric flow rate basis

Superscripts

WS

o0

well-stirred conditions
spatial asymptote in radial or axial direction
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Diffusive permeability of annulus fluid

The permeability, Py;, introduced in Eg. (6) to represent the diffusive contribution to solute
exchange between the annulus fluid and the membrane is generally a function of axial position
and should vary with the rates of annular and transmembrane fluid flow. As with the other
permeabilities in the model, under linear conditions Py; is the same for analyte transport into
or out of the annulus, i.e., for both sampling and delivery modes. This symmetry is maintained
in the presence of transmembrane convection. As indicated in section 6.8, Py; is expected to
have a minor influence compared with the membrane diffusive permeability, Py,. This
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suggested that the overall analysis could be facilitated by developing a simple expression to
estimate values for Py; as follows.

We first computed values for P,; over awide range of axial and transmembrane flow conditions
from defining Eqg. (29). The calculations employed the concentration profiles obtained by
simultaneously solving the two dimensional, axisymmetric, steady-state incompressible
Navier-Stokes equations and the differential balance for convective and diffusive mass
transport. The computations utilized the finite element software Comsol Multiphysics
(Comsol, Inc., Burlington, MA) with default solver parameters. The boundary conditions for
concentration were uniform, but different, values at the annulus inlet and on the annulus-
membrane interface. No-flux, no-slip conditions were imposed on the inner wall of the annulus.
The fully developed annulus velocity profile was applied at the inlet. Inward and outward
convection at the membrane interface was generated through setting either a positive or
negative, but uniform, radial velocity across this surface. The annulus Reynolds number varied
from 0.005 to 5 in the simulations, a much broader range than in the experiments for which
the maximum value was of the order of 0.2.

When nondimensionalized as the Nusselt number, *: = d, - P4;/Dy, the permeability for a
concentric annulus becomes a function of the dimensionless axial position,

4-D, -7 [(x - d> —v.). The latter is defined to reduce to the reciprocal of the Graetz number in
the absence of the internal cannula. The Graetz number appears in the analysis of heat and
mass is the transfer in flow through tubes of uniform cross-section. In these dimensionless
groups, V; annulus average fluid velocity in the axial direction and dj is the hydraulic diameter

d 4 - (cross — sectional area)
a

Il

. =2 - (ri = reann)-
perimeter (A.1)

The annulus permeability approaches asymptotic values when the dimensionless axial position
exceeds about 0.1, as shown by the curves in Fig. AL. The asymptotic values, to be denoted
by K’°, appear to be good approximations for microdialysis probes. For example, the
dimensionless axial position for mannitol at the outlet of a 4-mm CMA/12 probe perfused at
1 puL/min with no ultrafiltration is calculated to be 0.7 at 37°C, which is a value well along on
the asymptotic portion of the curve in Fig. Al labeled ¥« = 0. The corresponding outlet
dimensionless axial position for solutes as large as albumin would still be essentially within
the asymptotic range. The asymptotic value provides a lower bound for Py;. Since the influence
of annulus permeability on extraction fraction is a function of the reciprocal, 1/Py;, the

asymptotic value serves as measure of the maximal effect. Furthermore, the asymptote, P, is
employed in the definition of the overall diffusive permeability, Eq. (32), to remove
dependence upon axial position, which greatly simplifies the expression obtained for the
extraction efficiency.

When fluid is gained or loss at a uniform flux across the annulus wall, J;, the permeability also
becomes a function of the annulus radial Péclet number

0a =dy - Ji/ Dy (A.2)

The change in ®. produced by ultrafiltration is illustrated in Fig. Al by the curves for outward
flow (¥« = +1) and inward flow (¥« = —1). The asymptote varies exponentially with the Péclet
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number, as indicated by the following regression equation obtained from asymptote values
calculated for -5 < ¥« <+5

R°=4.45 - exp[0.111 - p,], R=0.997. (A3)

The dependence is relatively weak as indicated by the magnitude of the coefficient, 0.111,
multiplying #«. The radial Péclet number can vary over a wide range, but for comparison, the
maximum value for mannitol with outward ultrafiltration from CMA/12 probes perfused at 1
pL/min is approximately v« = 0.6.

The permeability is a function as well of the annulus radius ratio, ¢ = reann/ri. The curves in
Fig. Al were generated for the CMA/12 probe value of ¢ =0.61. For application to most
microdialysis situations, it should be sufficient to determine the dependence of just the
asymptotic values, 87°. This can be done by finite element analysis. However, the dependence
in the special case of no transmembrane flow (¥« = 0) is already known from analysis of fully
developed heat transfer. Figure A2 was constructed from values tabulated by Lundberg et al.
[24] for heat transfer in flow through annular passages (0 < ¥« <1), together with values for
the two bounding cases of ¥« = 0 and ¥« = 1. The value for ¥« = 0 from Kays [25] corresponds
to the step change in wall surface temperature for fully developed flow in a circular tube. The
value for ¢« = 1 from Hatton & Quarmby [26] corresponds to the step change in wall surface
temperature for fully developed flow between parallel plates. Except for ¥« values close to
zero, N7° varies nearly linearly with ¢« and the asymptotic permeability can be estimated from
the empirical relation

o e P

a

=4.024+0.8312¢ ~ 4+0.8¢.
a (A.4)

For microdialysis probes that do not have an internal cannula, historically denoted as “linear”
probes in microdialysis literature, the asymptotic permeability can be estimated from the
solution for a step change in uniform surface concentration in tube flow

a (A.5)

If all other factors are the same, this indicates that removal of the inner cannula leads to a lower
asymptotic value. However, this may be counterbalanced by larger Graetz numbers and
increase in the Py; averaged over the length of the membrane.

Finally, combining Egs. (A.3) and (A.4) leads to a simple semi-empirical relation for
approximating the annulus permeability for microdialysis probes with a concentric internal
cannula in the presence or absence of transmembrane convection

PE=(4+0.8¢) - (Da/dy) - expl 9a/9). A6
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This method of estimation is an improvement over the single value derived from the solution
for the step change in solute flux into a planar membrane as proposed by Bungay et al. [16],
which corresponds to

(da/Dy) - Py, [6=1]=209=70/13=5.4. (A7)
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Fig. 1.

Schematic cross-sectional view of a portion of a microdialysis probe showing the cylindrical
hollow fiber membrane attached to the end of the shaft. The single inner cannula is assumed
to be aligned parallel to the membrane in the concentric position. Net analyte movement across
the membrane results in a difference between the inflowing perfusate concentration, Cj,, and
the exiting dialysate concentration, C,,;. Diffusional loss or gain of analyte may be
supplemented by transmembrane convection associated with a difference between the
perfusate and dialysate volumetric flow rates, Qj, and Qqt. Cylindrical coordinates, r’ and 2,
indicate location with respect to the origin positioned on the axis of the membrane at the inlet
end. The geometry of the membrane is specified by the inner and outer radii, rj and r,
respectively, and the length, L, of the portion accessible for analyte exchange. The outer radius
of the internal cannula is reann.
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Fig. 2.

Steady-state solute concentration profiles calculated from Egs. (43) and (44) for the fluid phase
of a porous membrane. The membrane inner and outer radius ratio was chosen to be ri/r, = 0.8
for this illustration and membrane properties are assumed uniform. Radial position, r = r'/rg,
is normalized with respect to the membrane outer radius. The axial-averaged concentration is
normalized relative to the difference between the inner and outer interface concentrations,
((Ct ) = {Ct:NI(Cr;) — {Cs,)). With this definition for the ordinate the plot is applicable to
solute movement in either the outward (delivery) or inward (sampling) directions. The
membrane Péclet number, ¢, indicates the magnitude of convection relative to diffusion within
the membrane. The profile in the absence of convection is indicated by the single thicker curve
labeled, ¥»= 0. The Péclet number is positive for flow in the outward direction and negative
for inwardly directed flow.
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Fig. 3.

Solute movement across the membrane is the sum of diffusive and convective contributions.
Whereas the separate contributions vary significantly with normalized radial position, r, the
total solute flow rate is uniform across the membrane. The ordinate is the axial-average solute
flux in the presence of convection divided by the corresponding flux in the absence of

convection, {N,,),, —o. The illustrative cases shown are for solute delivery with the direction
of ultrafiltrate fluid flow either: (a) inward as indicated by the negative membrane Péclet
number, ¥« = -2, or (b) outward as indicated by the positive membrane Péclet number, ¥» =
+2. The membrane fluid phase axial-average concentration at the outside surface is maintained

at <C};,> =0,
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Fig. 4.

Schematic for in vitro experiments in which probes were immersed in a well-stirred aqueous
solution maintained at 37°C. The extent of perfusate ultrafiltration was varied by two means.
Changing the inflow rate, Qjp, alters the hydrodynamic contribution to the transmembrane
pressure drop. This portion arises from resistance to flow of the retained fluid through the
effluent tubing and the passages within the probe downstream of the membrane. Adjusting the
height of the dialysate collection vial relative to the probe alters the effluent fluid hydrostatic
contribution to the transmembrane pressure drop. That contribution is associated with the
difference in elevation between the dialysate meniscus in the collection vial and the external
medium surface denoted by Ah.
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P

The ultrafiltration factor, fg =1 — Qqut/Qin, Varies linearly with either: (a) the reciprocal of the
inflow rate, Qjn, or (b) the apparent elevation of the collection vial, Ahap,. The measurements
were obtained from a single probe (4+1) with a 4-mm length of polyethersulfone membrane
(100-kDa MWCO). The collection vials and effluent tubing were preloaded with artificial
cerebrospinal fluid (aCSF) and the end of the effluent tubing was submerged in the vial fluid.
For measurements in which fg exceeds unity, Qg+ was negative as aCSF flowed in the reverse
direction from the vial to the probe and contributed to the outward transmembrane flow.
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The linear dependence of the slopes from Fig. 5a on vial elevation as predicted by Eq. (72)
provides the means for estimating the elevation offset, h..
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Fig. 7.

Variation in ultrafiltration factor, fg, with apparent elevation of dialysate collection vial,
Ahgpp, in vitro at 37°C for six CMA/12 probes with 100-kDa MWCO polyethersulfone (PES)
membranes, 3-mm in nominal length.
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Fluid permeability of 29-kDa MWCO polycarbonate membranes in vitro assessed from
measurements of Snyder et al. [11] for effluent tubing of differing hydraulic resistances. The
low resistance tubing was a 3-cm length of 120-um i.d. FEP and the high resistance tubing was
a 50-cm length of 75-um i.d. fused silica.
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The concentration- and mass-based extraction fractions differ in their dependence on the
ultrafiltration factor, fq. Probe 3«4 from Table 5 was immersed in well-stirred bathing solution
maintained at 37°C. The perfusate contained difluorofluorescein (2FF) and the bathing solution
contained fluorescein (FLR) to permit concurrent measurement of FLR gain (closed symbol)
and 2FF loss (open symbol) extraction fractions. The measured concentration-based (Ec) and
mass-based (Ey,) extraction fractions are distinguished by circles and squares, respectively.
The corresponding curves were generated from the mathematical model Egs. (37) and (38)
simplified by the assumption of well-stirred conditions in the external medium. The
calculations use the parameters in Table 1, the estimate of D, = 6.7 x 10~% cm?/s for the free
diffusion coefficient in the annulus fluid and an approximated value of Dy, = 8.7 x 10~/ cm?/

s for the diffusion coefficient in the probe membrane.
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Fig. 10.

Testing the equality of gain and loss extraction fractions for [14C]-mannitol in the presence of
ultrafiltration. (a) Concentration-based extraction fraction, Ec. (b) Mass-based extraction
fraction, Ey;. The gain (closed symbol) and loss (open symbol) measurements were made 9
days apart using a CMA/12 probe (4+2) with a 4-mm PES membrane immersed in vigorously
stirred bathing solutions at 37°C and perfused at an inlet flow rate of 1 uL./min. The extraction
fraction intercept at the point of no fluid flux (indicated by the vertical line at fq = 0) was
determined by interpolation from linear regressions (dashed lines) of the pooled gain and loss
data. Under the assumption that conditions in the external medium were well stirred, the
intercept was used with Egs. (53) and (54) to obtain the estimate, Dy, = 1.7 x 108 cm?/s, for
the effective diffusion coefficient in the membrane (Table 7). The solid curves were calculated
from the form of Egs. (37) and (38) corresponding to the well-stirred limit.
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Fig. 11.

Testing the equality of gain and loss extraction fractions for [14C]-mannitol employing the 4-
mm probe (4+1) from Figs. 5 and 6 with an inlet perfusate flow rate of 2 uL/min. As indicated
in the caption for Fig. 10, linear regression of the pooled gain and loss data was used. The
extraction fractions were extrapolated to the point of no fluid flux from which the effective
membrane diffusion coefficient was estimated to be D, = 3.0x1076 cm?/s.
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Comparison of concentration extraction fraction values for mannitol predicted by the analytical
model (line plots) and the finite element simulation (symbols). Results are shown for membrane
lengths of 1, 2, 3 and 4 mm. All other parameter values correspond to those used in analyzing
the data in probe (4¢2) from Fig. 10, consequently the 4-mm curve in this figure is the same as
that in Fig. 10a.
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Fig. 13.

Inward ultrafiltration (negative fg) increases the concentration extraction fraction as illustrated
by sampling of a-lactalbumin (MW 14 kDa) from a stirred external solution. The filled circles
represent experimental measurements from Fig. 4 of Kjellstrom et al. [21] and the solid line
was generated from model Eq. (37). The experiments utilized a polysulfone membrane with
an MWCO of 100 kDa and overall accessible length of 25 mm. The effective diffusion
coefficient of the protein was estimated from extraction fraction measurements obtained under
non-ultrafiltering conditions.
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Ultrafiltration produces opposing changes in the analyte mass flow rates between sampling
and delivery. The solid squares represent experimentally derived values for dialysate gain
during sampling of mannitol, while the open squares represent mannitol loss from perfusate
during delivery experiments. The curves are calculated from the model equations for the
normalized rate of mass flow. The parameter values for the calculations were obtained from
the pooled data for probe (4¢2) in Fig. 10. The normalized delivery mass flow rate from the
perfusate to the external medium is the same as the mass extraction fraction, Ey,, according to
Eqg. (82), while the normalized sampling flow rate from the external medium to the dialysate
is Em — fg by Eq. (83). Because of normalization the mass flow rates are positive even though
the direction of mass flow is opposite between the sampling and delivery conditions.
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Fig. 15.
Analytical model prediction for the effect of transmembrane fluid flow on mannitol diffusive
permeabilities in a probe of the same characteristics as (4¢2), but with a 1-mm membrane length.

The annulus permeability, P,’, was calculated from Eq. (A.6), the membrane permeability,
Pm;, from Eq. (45) and the overall permeability, -, from Eq. (32) for a well-stirred external
medium (Pgy; = 0).
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Annulus diffusive permeability, P,;, calculated by finite element analysis for a concentric
annulus delineated by the outer radius of the cannula, reann, and the inner radius of the
membrane, rj, for a value of the ratio, ¢ = reann/ri = 0.61. The ordinate is the dimensionless
Nusselt number. The abscissa is the axial distance from the inlet end of the membrane, 7/,
rendered dimensionless by the solute free solution diffusion coefficient, D, the hydraulic
diameter, d; = 2: (ri—r¢ann) and the mean annulus fluid velocity in the axial direction, vz. The
influence of fluid loss or gain is a function of the radial Péclet number, ¥« = d4-J;i/Dg, in which
Jj is the fluid flux across the interface at r = rj. The solid curve represents no convective flux
across the interface (¥« = 0), the dotted curve illustrates that inward convection (¥« = —1)
reduces the permeability and the dashed curve illustrates that outward convection (¥« = +1)
increases the permeability.
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The asymptotic values of the normalized annulus diffusive permeability (asymptotic Nusselt
number) vary almost linearly with the ratio of the annulus radii, except in the tube flow limit
(¢ =0). The symbols are the same as in Fig. A1, except for P, which is the asymptotic value
of P4;. Only values for no convection across the annulus walls are shown. Consequently, the
asymptote for the ¥« = 0 curve from Fig. Al corresponds to the value on this plot at ¢ = 0.61.
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Solute and fluid transport model parameters evaluated for CMA/12 microdialysis probes with polyethersulfone
(PES) membrane.

Symbol  Description Value Units Source
L Length of accessible membrane 0.3,0.4 cm Nominal value from
manufacturer
Lout Length of effluent FEP tubing 50 cm Measured
Qin Perfusate volumetric flow rate 05,1,2,4 uL/min Calibrated pump setting
Tcann Outer radius of probe internal 0.0125 cm Measured
cannula
ri Inner radius of PES membrane 0.0205 cm Nominal value from
manufacturer [27]
ro Outer radius of PES membrane 0.0250 cm Nominal value from
manufacturer [27]
Tout Inner radius of effluent FEP 0.006 cm Nominal value from
tubing manufacturer
Sm Log mean surface area of 0.042,0.057 cm? Eq. (56)
membrane
¢ Annulus radius ratio 0.61 -- Feann/Ti
n Perfusate viscosity 0.007 g/(cm:s) For water at 37°C
Ra Annulus hydraulic resistance 0.011 cm H,O -minfuL  Eq. (62)
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Hydraulic property estimates for the CMA/12 probe (4+1) used in the fluid transport model validation
measurements (Figs. 5 and 6) and solute transport measurements in Fig. 11. The 100-kDa MWCO

Table 2

Page 55

polyethersulfone membrane was 4-mm in length. Both perfusate flow rate (Q;,) and collection vial apparent
elevation (Ahgpp) variations were employed to alter the ultrafiltration factor. The hydraulic properties are effluent
resistance (Ref), and membrane hydraulic (Hy,) and Darcy (k) conductivities.

Qin Ahapp Rest Hm Ky x 10*13
cmH,0-min ’;—L
pL/min cm nL min-cm®-cmH,0 cm?
05,1,2,4 25 185 0.70 3.7
05,1,2,4 0 8.0 1.15 6.1
05,1,2,4 -25 14.3 0.67 35
0.5 —25, 0, +25 14.7 0.67 3.6
1 -25,0, +25 15.7 0.73 3.9
2 -25,0, +25 14.2 0.71 3.8
4 —25, 0, +25 11.7 0.84 45
Mean+SD 13.9+3.3 0.78+0.17 4.1+0.9
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Hydraulic properties of six CMA/12 probes with 3-mm 100-kDa MWCO polyethersulfone membranes obtained
by varying the collection vial apparent elevation (Ahgpp) at a fixed perfusate flow rate of Qj, = 1 uL/min. Values

for the probe downstream internal resistance, R, were obtained from Eq. (78) and the estimates for the effluent
resistance, R, together with the resistance in the outflow tubing at 23.5°C, R gyt = 15.4cmH»0 - min/mL,

calculated from Eq. (79).

Probe Ahggp Rint Hm Ky X10*13
cmH,0 - min ’é—L
em T min-cm“-cm HZO cm?
31 —-18, 9.5, 4.4 0.44 24
—1,+7.5,
+16
32 —26, —18, 3.9 0.33 1.8
-9.5,-1,
+7.5, +16,
+24
33 —26, —18, 7.6 0.24 13
-9.5,-1,
+7.5, +16,
+24
34 —26, 18, 56.7 0.43 2.3
-9.5,-1,
+7.5, +16
3¢5 —26, 18, 15.5 0.35 1.8
-9.5,-1,
+7.5, +16,
+24
36 —26, —18, 4.9 0.34 1.8
-9.5, -1,
+7.5, +16,
+24
MeanzSD 15.5+£20.6 0.35+0.07 1.9+0.4

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Bungay et al. Page 59

Table 6

Upper bound on hollow fiber membrane hydraulic properties estimated from the ultrafiltration factor
measurements of Snyder et al. [11] obtained by varying the perfusate flow rate into microdialysis probes with 4-
mm membrane lengths.

Membrane Nominal molecular weight cutoff Hm K X101
ul
: 2
Daltons min-cm=-cmH,0 cm?
Polyacrylonitrile 29,000 0.043 0.34
Polycarbonate 20,000 0.021 0.17
Cuprophan 6,000 0.016 0.06
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Table 7

Effective diffusion coefficient values for [14C]-mannitol in 100-kDa MWCO polyethersulfone membranes of

CMAV/12 probes at 37°C obtained from point of no-fluid-flux extraction fraction values using Egs. (51) and (52).
For each probe the values for diffusional delivery from the perfusate to the external solution were similar to the
values for diffusion in the opposite direction (sampling). However, the difference in mean values between probes
was significant (2 tail t-test, P<0.03). The free diffusion coefficient (D) value used for mannitol at 37°C is 8.5

x 1076 cm?/s [28].

D,,x10%, cm?/s

Probe 4¢1 Probe 4¢2
Delivery (loss) 2.9 16
Sampling (gain) 3.1 1.8
Mean+SD 3.0+0.16 1.7+0.08
Dn/Dy 0.35 0.20

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



Page 61

Bungay et al.

9 c__:no_mo::EE_o

‘ulinge wnJas mc_>om_g

‘Jonqiyur uisdAn :mmgowm

200 eQ 05T 200 (2@ 05T) 596

100 °Q 02 100 (et 2'99) qv's8

100 eqy O 800 eqy O 900 (e@ Gv) UwngeAQ

500 eQM 6T 500 e 02 800 (@1 T'02) gl LS

100 e 0T 800 ©d% 0T 800 (e t'71) swAzosAT

800 eay € 810 eaq € 100 (e@x £°S) unnsuy

®q/Yq sueayxag ®q/Ya sueJixag ®q/wa sulsload

[€] 48310141 40 BYRP WO [2z] 'e 19 annyos 4o e1ep wou4
"UOI}IBAUOD

dUeBIQLUSLLSURJ] OU JO UOITRNIS 31 J0J Z UOI1I3S JO [9powl Liodsuel] 81n|0S 8yl pue T 3]geL Ul SanjeA liped ayl pakojdwia suoije|nofed ay L "ainye.all| ayl Wwodj erep
BuizAjeueal Aq paulelqo saqoid WIAD 10 sauelquual auojnsiaylaAjod ODMIN BAX-00T Ul SUBNIXSp pue sulaload 10) sanjeA 1UsId1La09 UOISNLIP aANd3T

8 3|qelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Memb Sci. Author manuscript; available in PMC 2011 February 15.



