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Abstract

This work aimed to demonstrate a new method to determine diffusivities in blood and to show how
urea transport is affected by blood cells. Diffusivities of urea in suspensions of bovine erythrocytes
in bovine albumin solutions were determined in a two-layer membraneless microfluidic device as a
function of interfacial shear rate and hematocrit. The experiments validated the measurement system
at zero hematocrit and provided measurements at finite hematocrits, unobtainable in static systems.
Both obstruction of diffusion by unsheared and thus non-rotating cells and augmentation of diffusion
by cells rotating in response to shear were demonstrated.
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Introduction

Blood purification requires diffusion of molecules through blood. Blood is a complex fluid
and is expected to show diffusion-like behavior different from other complex fluids and that
dictated by the continuous-phase molecular diffusivity acting alone. This study aimed to show
the effect of shear rate and hematocrit on the diffusive transport of urea in a 5% bovine serum
albumin (BSA) and erythrocyte suspension, while validating a method for measuring diffusive
movement anywhere within a suspension in shear flow in blood.

Shape, size, and concentration of blood cells induce movements that would not appear in a
homogeneous fluid.1: 2 Erythrocytes can obstruct transport by lengthening the diffusion path
through the continuous medium. However, sheared erythrocytes can rotate and collide, creating
small regions of convection that raise the apparent diffusion coefficient.

Few recent measurements of molecular transport in blood exist, and older measurements were
made in less sensitive macroscopic environments. Any measurement of diffusion in blood must
occur in moving fluid, obviating classical, static measurements. Axial dispersion has been used
to estimate diffusion in a flowing fluid, with a theory developed by Taylor.3 Turitto et al.*
utilized this method to determine the diffusivity of platelets in blood. Similarly, Bello et al.>
utilized the method to evaluate diffusivity for molecules in blood. However, this method
requires the velocity profile of the flow, which for blood is not well known, and it is most
suitable for particles whose apparent diffusivity is low.
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Wang and Keller8 applied electrochemical methods to determine the diffusivity of ferricyanide
in human, bovine and rabbit RBC suspensions using Couette flow. They found strong
correlation between diffusion augmentation of ferricyanide and shear rate for a hematocrit of
40%, finding also that particle deformability did not influence results obtained in dilute
suspensions. The method is restricted to solutes comprising accessible redox pairs.

Cha and Beissinger’ evaluated protein transport and the effect of shear rate and the
concentration of normal or hardened ghost cells by evaluating the rate of protein accumulation
ataductwall. As hematocrit rose from 5% to 45% and shear rate from 400 to 1,400s 1, effective
diffusivities increased.

Colton et al.8 studied diffusion of urea as a function of hematocrit in saline, serum, and plasma
using a flat-plate dialyzer. Urea diffusivity decreased with increasing hematocrit and increased
with increasing shear rate. These measurements were limited by an inaccurate estimation of
solute concentration gradient in blood adjacent to a membrane in which the concentration
gradient was higher.

Giddings et al.? developed a separation device which was labeled Split-Flow-Lateral-
Transport-Thin (SPLITT) fractionation. The device was adapted for measuring species
transport in flowing blood and was also used to measure the diffusivity of some viruses in
water.?

Yager and colleagues'® 11 developed microfluidic analytical devices that controlled and
measured mass transfer in flowing blood. This work was not focused on transport mechanisms
and comprehensive results were not reported.

In previous work, Leonard et al. developed a microfluidic device to determine diffusivities in
flowing systems2 which was used only with homogeneous fluids. The system consisted of a
thin slit with access channels carved into a stainless steel block held between two acrylic plates.
The block was thick compared to the height of the slit, thus forming a high-aspect-ratio cross-
section and a simple, one-dimensional flow. When data were analyzed with a simplified theory,
the estimated diffusivity of BSA was found to differ by approximately 20% from its established
value.

Antonini et al.13 and Hyman4 have developed mathematical models to describe augmented
diffusion in flowing blood. Both models utilize the known behavior of erythrocytes in shear
fields but considered only a single erythrocyte in a constant shear field. The two authors
concluded that the observed diffusion augmentation is described by a non-linear combination
of Brownian diffusion and particle-induced transport that is considerably smaller than the linear
combination of the individual contributions. Zydney and Colton® developed a macroscopic
model to describe diffusion augmentation in suspensions. The model correlates a dimensionless
diffusivity, a particle-based Peclet number, with particle size and volume fraction and requires
that shear augmentation of diffusion be linear, without strong supporting evidence. Hyman’s
theory differs: He predicts variation of augmentation with the square of the diffusivity.14
Zydney and Colton1® attempted to correlate data from many sources with modest overall
success but with little precision in predicting the behavior of particular systems. This study
aims to use a more precise methodology to identify the role of obstruction and shear-based
augmentation on the diffusion of solutes, particularly urea, in blood.

Materials and Methods

Two suspensions of bovine erythrocytes identical in cellular composition were prepared. One
suspension contained urea; the other did not. The suspensions were flowed concurrently within
a thin, wide, slit (aspect ratio, defined as slit width over slit height, greater than 10). Molecular
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transfer of urea occurred across the interface between the fluids during the residence time of
the fluid at the interface. The interfacial shear rate was determined by the location, within the
velocity field, of the interface, which was in turn determined by the ratio of the flows of the
two streams. In the shear fields studied, the shear rate varies linearly with position. However,
for a typical 1s residence time, 90% of all mass transferred across the interface lies within
30um of the interface. Shorter residence times would have reduced the range of shear rate
variation but also the amount of urea transferred and hence the accuracy of the measurement.

The suspensions with different erythrocyte concentrations were assumed to behave as constant
viscosity Newtonian fluids for two reasons: First, the experiments were performed in a medium
devoid of fibrinogen, the principal cause of erythrocyte aggregation. Second, bovine
erythrocytes are among those whose migration is lowest.16

The diffusion coefficient of urea for each interfacial shear rate was determined in the absence
of erythrocytes to validate the procedure against the known molecular diffusivity of urea in
homogeneous media. These measurements were followed by experiments with bovine
erythrocytes (Hemostat Laboratories, Dixon, CA) suspended in 5% bovine serum albumin
(Equitech-Bio Inc., Kerrville, TX) to achieve a range of hematocrits. These suspensions were
also studied at each interfacial shear rate.

The device and the flow system utilized are portrayed in Figure 1. The device consists of a
stainless steel (SS) plate 3.81cm long, 2.85¢cm wide and 0.88cm thick in which slits were formed
with a Mitsubishi RA 90 wire electric discharge machine (WEDM) (MC Machinery Systems,
Inc., Wood Dale, IL). Four holes were drilled in the plate to serve as inflow and outflow ports.
Access channels were formed to join the ports to a central flow channel. These channels were
approximately 190um wide and were angled + 30° from the axis of the central flow channel,
which was 1.5cm long and 300um high. The width, determined by the thickness of the plate
(0.88cm), gave an aspect ratio for the central flow channel of 29.3. The SS plate was covered
on top and bottom by two polymethylmethacrylate plates, one with access ports matching those
in the SS plate. Sealing was provided by thin silicone sheets sandwiched between each
polymethylmethacrylate plate and the SS plate.

The diffusion channel was serviced by two inlet flows and two outlet flows. Three pumps, two
inlet and one outlet, were used leaving one degree of freedom in the system. Two NE-300
syringe pumps (New Era Pump, Wantagh NY) provided the inlet flows; an NE-1000 syringe
pump (New Era Pump) controlled outlet flow. Three 10cc luer-lock glass syringes (Popper and
Sons, Lake Success NY) were fitted to the pumps.

Erythrocyte suspensions (0 < H < 40) were fed into the two inlet ports. The two suspensions
were flowed concurrently and then withdrawn from their corresponding sides at rates each
equal to that at which they were injected. The experiments were carried out at a room
temperature near 25°C. The overall flow rate through the central channel was maintained
constant at 2cc/min in all experiments, but the flow rate of each stream could be set
independently. As the flow rate ratio deviated from unity the location of the interface shifted
and interfacial shear rates of 0, 25, 50, 75, and 100s 1 could be achieved. To find the flow rates
needed to obtain a desired interfacial shear rate, the following system of equations was solved:

dV.x‘ — _3qry
dy 2WB? (]
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[2]

q:=q91tq>. [3]

where dV,/dy is interfacial shear rate, gy is the urea-rich flow rate, g, is the urea-free flow rate,
qgr is the total flow rate (2cc/min), W is the slit width, B is the slit half height, and y is the
interface location. The calculated entrance length for the experiments was 0.0108cm, yielding
fully developed flow in the first percent of the flow length.

Computational flow modeling was carried out for two cases: interfacial shear rates of 0 and
100s~1 using CD-Adapco software (Star-CCM, Plymouth MI) Figure 2. The streamlines show
that no flow separation should be expected and that the interface should be expected to be stable
over the length of the cell, which was 30 times the width of the diffusion channel.

Experiments were performed at hematocrits of 0, 10, 20, 30, and 40% and at each of five
different interface locations. Cell suspensions were prepared and loaded into their
corresponding feed syringes. The experiments each lasted approximately 5 minutes. The
combined volume of the cell and the withdrawal tubing (from which the samples were
collected) was approximately 3cc, so that, at the experimental flow of 2cc/min the experimental
time of 5 minutes was equivalent to 3.3 system residence times, assuring that transport was
measured at steady-state. Cell suspensions were loaded into their respective syringes shortly
before the start of each experiment from a steadily mixed reservoir. No phase separation
occurred within the syringes during the experiments. Samples collected were centrifuged for
three minutes to separate the suspension and obtain cell-free albumin solution for urea analysis
with a commercial assay (Bioassay Systems, Hayward CA).

Data Analysis

Diffusivities were established by determining the rate of urea transfer across the fluid interface
established in the SSI cell. Leonard et al.,12 using a device functionally identical to that
discussed here, determined diffusion coefficients by treating their cell as an analog to the
unsteady state, static diffusion apparatus used by Loschmidt.1” Their analogy ignores the effect
of shear in the flow and thus only approximates the diffusion coefficient.

Diffusion in shear-flow is described by the following partial differential equation:

7c

aC
& 0x I (9y2 [4]

with boundary conditions:

C(x=0, y)=C,H (yin)
ac =0
dy :
y=B
y=—B (5]
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where vy is x-directed flow velocity as a function of y position, C is solute concentration, x is
distance in axis of flow, y is distance orthogonal to flow, @ is the diffusion coefficient, yjn is
the position of the interface within a shear slit flow, B is the half height of the slit of flow,
Cy is the initial concentration of the high solute concentration flow, and H is the height of the
high solute concentration layer in the flow. Aucoin!® developed a numerical method to solve
this equation for a variety of conditions. For a given diffusion coefficient, known flows, inlet
concentrations, and dimensions, the expected ratio of outlet concentrations can be calculated.
Equation 4 was solved for different, assumed diffusion coefficients, and the concomitant
concentration ratios in the exit streams were obtained. Figure 3 shows, for example, the
regression generated for experiments where the interface is at the centerline of the diffusion
channel. The calculations were made using diffusion coefficients in the neighborhood of the
theoretical aqueous diffusion coefficient of urea (1.38 x 107 cm?/s),19

These calculations were made for each of the five interfacial positions studied corresponding
to shear rates of 0, 25, 50, 75 and 100s L. The results were then used to estimate diffusivities
consistent with the observed concentration ratios.

Experiments performed at all interfacial shear rates in the absence of bovine RBCs resulted in
values of the urea diffusion coefficient between 1.24x107° and 1.41x10~5cm?/s. Theoretical
values for the diffusion coefficient of urea in 5% BSA solution have not been previously
evaluated. However, values for the diffusion coefficient of urea in similar media have been
determined: 1.38x10~°cm?/s for aqueous solutions® and 1.16x10-5cm?/s for human plasma.
20 All observations presented here for cell-free media lie within this range.

Figure 4 presents the apparent diffusivity of urea in 5% BSA solution as a function of hematocrit
for various interface shear rates ranging from 0 to 100s™1,

The results show a significant effect of both variables on the apparent diffusivity. At 0s™1, the
apparent diffusivity decreased with increasing hematocrit. The same was true at an interfacial
shear rate of 25s71. For an interfacial shear rate of 50s72, the apparent diffusivity increased
with hematocrit peaking at 10% above the value at zero hematocrit; for higher hematocrits it
decreased. For still higher interfacial shear rates (75 and 100s 1), apparent diffusivities always
increased with increasing hematocrit. The increase for an interfacial shear rate of 75572
exhibited a more exponential increase with volume fraction, while the increase for an interfacial
shear rate of 100s1 displayed a more asymptotic behavior.

Figure 5 presents the results as a function of interfacial shear rate for various hematocrits. As
expected, in the absence of cells, the apparent diffusivity is constant for all interfacial shear
rates. For all other hematocrits, it appears that the diffusivity is depressed below the zero-
hematocrit value at low interfacial shear rates and is sharply increased at higher shear rates.

Discussion

These results derive from a combination of physical obstruction of mass transfer by
erythrocytes and the localized convection generated by displacement and rotation of individual
RBCs responding to a shear field.1: 21 The relative contributions depend on hematocrit and
shear rate.22 Interfacial shear rates of 0s~1 and 2551 caused the apparent diffusivity to decrease
with increasing hematocrit. This is explained by the low shear rates near the interface, leading
to little or no rotation, leaving cellular obstruction as the principal contributor.

Observations at 50s™ show the diffusivities first increasing, and then decreasing, with
hematocrit. Shear seemed to cause modest cell rotation at low concentrations, raising the
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apparent diffusivity. At higher cell concentrations, cell packing appeared to inhibit cell rotation
and large displacements and thus to obstruct mass transport. Therefore, the apparent diffusivity
deceased steadily with increasing hematocrit.

At shear rates of 7551 and 100s~! the apparent diffusion coefficients increased steadily over
the whole range of hematocrits. Cell rotation seems to have been always prevalent, creating
localized convection that overwhelmed any obstructive contribution. Nevertheless, the results
obtained at these two shear rates differ. Both have similar maxima at volume fractions of 40%,
but the results at an interfacial shear rate of 7551 remained lower than those at 100s ™ at
intermediate hematocrits. It seems that the effects of high shear always overwhelm obstruction
but are ultimately limited at the higher hematocrits studied.

Cell aggregation, particularly rouleaux formation, should not have been present in the
suspensions studied. In whole human blood at wall shear rates below 100s™2, axial
accumulation of cells and rouleaux formation can be expected, with further obstruction of
diffusion in the core of the flow where shear is very low and hematocrit is higher. Toward the
edge of such flows one would expect few aggregates, but an augmentation of diffusion
characterized by the extant shear rate and a hematocrit lower than the apparent, flow-average
value.

The obstructive effect of a randomly dispersed, but stationary, discontinuous phase on transport
through a continuum was first treated by Maxwell, with his treatment, subsequently decorated
by others,23 none of whom were concerned with a convective contribution attributable to
particle rotation and displacement. The stationary effect depends on the shape, volume
concentration, and diffusivity within the dispersed phase. Fricke’s23 adaptation has been used
previously to rationalize blockage of diffusion in blood. In Figure 6, our results at zero shear
rate are compared to Fricke’s model. The model was applied presuming a prolate spheroid with
a 4:1 diameter to thickness ratio and a range of ratios of intracellular to extracellular diffusion
coefficients. The critical unknown, greatly outweighing the complex shape effect considered
by Fricke, is the ratio of the intracellular diffusion coefficient to that of the continuum. The
data at zero interfacial shear rate, shown in Figure 6, suggest both a deviation from the general
Maxwellian prediction for hematocrit dependence and a higher than expected ratio of the two
diffusion coefficients, about 0.7 — 0.8. Earlier reports by Steiner?4 and Colton et al.® suggest
values in the neighborhood of 0.5. In previous studies, no attempt was or could be made to
keep cells dispersed; in the present study, cells were dispersed but the entire diffusion field
could not be kept at the zero value of shear imposed on the interface.

As noted in the Introduction, most authors have considered augmentation to vary in direct
proportion to a particle Peclet-number (ya/D), and this approach was taken in the macroscopic
analysis of Zydney and Colton,1° with only sparse evidence to support it. Studies by Antonini,
13 schwartz2® and Hyman?4 all suggest augmentation effects that depend upon both shear rate
and hematocrit. The effect of shear on the observed diffusion observed here was compared
with the theory of Hyman using his equation 6 which implies that the ratio of apparent to
molecular diffusivity should equal

_ 23 Zﬂz 2/3
(-H )(”f(wzp)H )

[6]

where o is the shear rate and a the cell radius taken as 2.5um. The quantity f is expected to be
of order unity and must be determined experimentally. Figure 7 is a plot of diffusivity ratio
divided by (1-(0.25H)2/3), reflecting the observation that the intracellular diffusivity appeared
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reduced only to about 75% of that in the continuous phase. This correction caused the intercepts
of the separate data sets to be approximately equal. Curves used to fit the data are parabolas.
The second degree coefficients from these parabolas for the three highest hematocrits (where
augmentation was greatest) were each divided by H%/3 and the result was averaged. After
substituting for a, w, and D, a value of approximately 2 was obtained for f, indeed of order
unity.

The high apparent diffusivity of urea through erythrocytes suggests that the effects found in
this work might be greatly increased for other solutes with lower permeability.

Conclusion

A new and highly accurate method for measuring apparent diffusion in blood and other
suspensions has been described and validated. The apparent diffusivity of urea in bovine
erythrocyte suspensions has been elucidated and clearly related to obstructive and shear-
activated augmentation effects on diffusion, confirming and extending a small number of
considerably older measurements.
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T

Figure 1.

1.1. Diffusion channel flanked by silicone sheets, polumethylmethacrylate plates, and access
ports. 1.2. Experimental setup with feeds and withdrawals from cell. A. Urea Rich Feed B.
Urea Free Feed C. Urea Rich Withdrawal D. Urea Free Withdrawal (unregulated and equal to
A+B-C)
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a)

b)

Figure 2.
Streamlines representing the experimental system when the interfacial shear rate has a value
of : a) 0s~1 and b)100s71
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Figure 3.
Diffusion coefficient vs. ratio of effluent stream concentrations, with interface at shear rate of
0s~1 modeled using the solution of Equation 4. y=—0.4866x +3.5114
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Apparent diffusion coefficient as a function of hematocrit for various interfacial shear rates.
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120

Apparent diffusion coefficient as a function of interfacial shear rate for various hematocrits.
At low hematocrits the coefficient does not vary. At higher hematocrits the coefficient is

initially depressed but increases sharply with shear rate.
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Figure 6.

Experimental results at interfacial shear rate of 0 s~ divided by the aqueous diffusivity of urea
for various hematocrits compared to Fricke predictions. The solid lines are predictions of the
Fricke model for intracellular diffusivities of 95, 90, 85, 80, 75, 70, 65, and 60% of the bulk
diffusivity.
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Figure 7.
Diffusion coefficients vs. shear rate, normalized and fitted with parabolas to test the theory of
Hyman, See text.
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