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Abstract A method for the depletion of red blood cells
(RBCs) from whole blood at high volume flow rates is
proposed and experimentally investigated. The ap-
proach exploits cell-screening effects at microchannel
intersections with well-adjusted flow rates. It mimics
blood flow phenomena previously observed and char-
acterized in the microvascular system of living organ-
isms. Because of the purely hydrodynamic nature of
the depletion mechanism, the structural features on the
device can be significantly larger than the cell dimen-
sions in contrast to micromachined filter devices based
on physical retention of cells/particles. Consequently,
device fabrication is relatively straightforward and
inexpensive. Cell depleted liquid can be withdrawn
from the device in a continuous operation mode, thus
avoiding the principal limitation of finite filter capacity
associated with size exclusion based approaches. The
use of high-aspect-ratio channels allowed for a com-
bination of both cell screening action and high fluidic
throughput in the ml/min regime. The experimental
data relating flow velocities, channel dimension, cell
depletion efficiency, and overall yield can be qualita-
tively interpreted using an adapted theoretical model
originally developed by Fenton et al. Eventually, the
method could serve as a simple, highly versatile pre-
analytical sample preparation module for the manip-
ulation of the particle density of suspensions in a
miniaturized total analysis system.
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1 Introduction

The handling of suspensions and the manipulation of
particle density represents a fundamental task in many
biomedical applications, lately also being addressed by
microfabrication means in miniaturized bioanalytical
systems (Verpoorte 2003). Examples comprise the han-
dling of dispersed beads added as a solid phase for het-
erogeneous biochemical assays, or the removal of blood
cells from whole blood as an indispensable sample
preparation step required for many in vitro diagnostic
(IVD) tests in clinical diagnostics. The motivations for
blood cell separation prior to IVD testing are diverse and
range from inherently physiological to purely technical
issues (for a comprehensive overview, see Guder et al.
1996). As an example of the latter, physical interferences
due to light absorption/scattering from red blood cells
(RBCs) or deposition onto electrode surfaces have to be
avoided. Similarly, chemical interferences caused by
inadvertent lysis of RBCs (hemoglobin) can deteriorate
test performance (e.g., in PCR-based tests). RBC lysis is
also known to lead to sample composition bias for ana-
lytes with a pronounced concentration difference be-
tween the intra- and extra-cellular compartments (e.g.,
K™, acidic phosphatase, lactate dehydrogenase). Given
this wide range of rationales, the required degree of cell
depletion also scatters widely depending on the applica-
tion under consideration.

In centralized clinical laboratories, blood cell sepa-
ration is performed by centrifuges, a process known to
add considerably to the labor, cost, and time require-
ments of an analytical result. In Point-of-Care (POC)
settings (patient self-testing at home, physician office,
hospital, etc.), with centrifuges generally not being
available, plasma separation usually has to be inte-
grated into the test device. Size-exclusion based
retention of cells in an integrated microporous fleece
or membrane material is the most commonly applied
mechanism of operation, a formidable task in view of
the small size and enormous deformability of RBCs.
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High filter-performance and low fabrication cost are
major advantages of this approach exploited in a
number of commercially available POC tests. These
advantages are challenged by the limited filter capacity
and the risk of analyte adsorption due to the large
inner surface area of the filter material. The latter issue
may be appreciated by taking into account the ana-
lytical detection limit in the range of 107'°-107"* M
for small proteins/peptides with current state-of-the-art
devices.

Given the significant relevance of the task and the
current interest in miniaturized and integrated bioana-
lytical systems, it is not surprising that quite a number of
approaches were published aiming at micromachined
particle filters. In particular, comb and weir-type struc-
tures with well-defined geometrical features have been
designed and their performance experimentally tested
(Wilding et al. 1994; Brody et al. 1996; He et al. 1999;
Iida et al. 2002). However, in the case of RBCs, the
extreme deformability requires a very small pore size in
the order of 1 um to retain these particles reliably, thus
imposing a considerable challenge to the manufacturing
process. In order to circumvent this issue, several groups
have recently investigated RBC depletion in flow-
through devices using microfluidic channels. Separation
of cells from plasma was assisted by centrifugal forces in
microchannel bends (Blattert et al. 2004) and spinning
microfluidic discs (Burd and Schembri 1991; Brenner
et al. 2004; Kang et al. 2004).

We have devised a concept for the depletion of RBCs
from whole blood (Effenhauser et al. 2001, 2002) that
exploits and mimics phenomena described in the context
of blood flow in networks of branched blood capillaries
in living organisms. Hydrodynamic effects rather than
particle retention or application of additional external
forces (e.g., centrifugal forces) cause cell depletion in a
simple network of channel bifurcations. Fluid propulsion
by conventional pressure-driven flow allows continuous
withdrawing a particle-depleted solution. The general
concept of hydrodynamic particle filtration has recently
also been studied in detail using solid particles by Rob-
erts and Olbricht (2006) and Yamada and Seki (2006).
The enrichment of leukocytes in microchannels based on
hydrodynamic filtration has been demonstrated by Ya-
mada and Seki (2005). Shevkoplyas et al. have also re-
ported leukocyte enrichment and separation due to
collision induced margination in a pseudo 2D geometry
(Shevkoplyas et al. 2005). Yang and Zahn have reported
separation experiments at flow rate controlled channel
bifurcations employing both solid particles and human
melanoma cells (Yang and Zahn 2004). The same group
has demonstrated separation of RBCs from blood in the
150 nl/min volume flow rate regime (Yang et al. 2005), a
flow rate approximately a factor of 10 lower compared to
an earlier study proving the underlying RBC separation
concept (Effenhauser et al. 2002).

In the present study, we aim to extend the concept to
flow rates several orders in magnitude higher (ml/min)
by employing a high-aspect ratio channel bifurcation as

a separation device. Essentially, one channel dimension
will be kept small to retain the hydrodynamic basis of
the cell screening process, while the other dimension can
be chosen according to the throughput requirements of
the application under consideration. As an important
feature, the narrow channel dimension required can be
significantly larger than the diameter of the particles to
be depleted, thus significantly relieving both constraints
in the fabrication process and the risk of clogging of the
device. Using a straightforward method to manufacture
high-aspect-ratio microchannels, we systematically
characterized the yield and quality of the collected
“plasma” as a function of volume flow ratio in the
channel branches, sample hematocrit, channel dimen-
sions, and feed volume flow rate. The data are discussed
in the context of the model devised by Fenton et al.
(1985), with modifications to reflect the particular
geometry of our microchannels.

2 Hemodynamic effects in branched microchannels

Blood flowing through a bifurcation of artificial chan-
nels or branching microvascular vessels might be ex-
pected to give rise to identical concentrations of cells in
each channel branch, provided the cells are equally dis-
tributed over the cross-section of the feed vessel. How-
ever, experimental data of the cell density does not
follow this anticipation (Svanes and Zweifach 1968;
Fung 1973; Yen and Fung 1978; Fenton et al. 1985; Yan
et al. 1991; Enden and Popel 1994; Pries et al. 1996).
Instead, the RBC flow rate (number of cells/s) in the
channel branches depends non-linearly on the blood
volume flow rate Q (m>/s), even in the case of symmetric
bifurcations and channels of identical cross-section
(Svanes and Zweifach 1968; Fung 1973; Fenton et al.
1985). More specifically, the concentration of blood cells
collected at the channel outlets is reduced in the branch
with higher flow resistance (smaller volume flow rate).
Below a critical flow rate Q.., even a stream of pure
plasma can be obtained (Svanes and Zweifach 1968;
Fung 1973; Fenton et al. 1985).

This type of separation of blood cells from blood
plasma is related to purely hemodynamic phenomena
that have been previously described in natural and
artificial capillary bifurcations. Svanes and Zweifach
(1968), by reducing the flow rate in arterioles, observed
the depletion of RBCs in downstream vessels. Fung
(1973) proposed the ‘‘stochastic flow in capillaries”
model where small variations in the ratio of flow rates in
branches emerging from a bifurcation determine whe-
ther a cell is deviated into one or the other branch. The
concept of “‘red cell screening” proposed by Pries et al.
(1996) relates to this observation: due to their finite size,
cells and particles are subject to imbalanced fluid pres-
sures at capillary bifurcations. The particle center tra-
jectory may actually differ from the fluid streamlines in
dilute samples, and particles are preferentially directed
toward the stream with higher velocity.



The density distribution profile of blood cells across
the channel cross-section is influenced by flow speed and
channel dimension. The apparent hematocrit (blood cell
volume fraction) and blood viscosity are functions of
capillary diameter (Fahraeus effect and Fahraeus—
Lindqvist effect, resp., Pries et al. 1996). In pressure
driven flows, RBCs tend to migrate to the channel center
(axial migration) due to pressure gradients imposed by
the non-uniform flow velocity profile across the channel
(Bayliss 1959; Goldsmith and Mason 1961). Accord-
ingly, the fluid adjacent to the channel walls is depleted
from cells, and a zone of reduced RBC concentration,
termed “‘plasma seam”, is found close to the channel
walls. Moreover, separation of the cell-depleted plasma
layer from the main laminar stream (‘“‘plasma skim-
ming”’) (Yan et al. 1991; Enden and Popel 1994) can be
achieved by branching off fluid near the wall into a side
channel. The virtual boundary layer of streamlines that
divides blood flow is called ‘“‘separation surface”. Any
particle moving within the volume on either side of the
separation surface will flow into the corresponding
daughter channel.

The three-dimensional shape of the separation sur-
face has been calculated for Poiseuille flows for junctions
of cylindrical capillaries (Yan et al. 1991; Enden and
Popel 1994). Modeling the separation surface for our
high-aspect ratio rectangular bifurcation is compara-
tively simple. Sufficiently far away from the bifurcation
and neglecting edge effects (small dimension walls), it
extends parallel to the wide dimension of the feed
channel at a certain height « above the channel wall. In a
steady state, cells flowing above o in the feed channel are
branched off into the collection channel (Fig. 1). The
magnitude of « relative to the channel depth ¢ is expected
to strongly influence the efficiency of blood cell deple-
tion, while it is independent of the channel width w for
high-aspect ratio channels, w » ¢.

3 Device fabrication and experiments

A three-dimensional microchannel network in polym-
ethylmetacrylate (PMMA) was manufactured by con-
ventional precision machining. Wide and shallow
channels of rectangular cross-section were milled into
PMMA blocks and subsequently assembled using UV-
curing adhesive to form an inverted T-bifurcation with
one inlet (feed channel) and two outlets (collection and
drain channel, Figs. 1, 2). The channel depth ¢ was
uniform throughout the network. Two types of devices
were fabricated, differing in the depth ¢ of the channels
(t=0.02 mm and ¢#=0.05 mm, respectively). The chan-
nel width (w= 14 mm) was much larger than the channel
depth, with corresponding aspect ratios of w/t=700 and
280, respectively.

Inlet and outlets were fitted with ports for the con-
nection of standard tubing (inner tubing diameter
0.5 mm, Labomatic Instruments AG, Allschwil, Swit-
zerland). A computer-controlled syringe pump (Kloehn
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Fig. 1 a Schematic representation of the separation device with an
inverted-T bifurcation. b Schematic representation of the flow
velocity profile v(¢), the RBC distribution profile p(¢), the
separation surface (defined by the height o), and volume flow
distribution (block arrows) at the bifurcation. The relative thickness
of the plasma seam is determined by y. ¢ is the normalized
coordinate for the (half-) channel depth, with origin at the channel
mid-plane

V6, Kloehn Ltd. Europe, Switzerland) produced blood
flow rates of 2 and 5 ml/min, respectively. The volume
flow rate in the collection branch was tuned by changing
the length of the connected tubing. The ratio of volume
flow rates Q* = Q../Q¢ of collection channel versus feed
channel was adjusted in the range 0.01 <Q* <0.18.

Blood samples were obtained from healthy donors
and treated with EDTA to prevent coagulation. The
hematocrit of the feed blood was adjusted using physi-
ological saline solution (0.9% NaCl). Each experiment
started with 10 ml of adjusted whole blood (hematocrit
~4.5, ~15, and ~45%).

collection
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channel outlet

(oriented vertically)
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inlet

-
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Fig. 2 Picture of the separation device with high-aspect ratio
channels. Channel boundaries are outlined with black lines for
clarity (optical refraction gives rise to multiple images of the feed
and the drain channel)
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The volume fractions used for the priming and
emptying of the device (i.e. at the beginning and at the
end of pumping of a 10 ml blood sample) were analyzed
separately to elucidate the influence of device priming.
Volume fractions taken once steady flow was established
were analyzed as described below. Steady flow condi-
tions were achieved within seconds after the pump start.
The concentration of RBCs in the feed blood and in the
blood collected at the channel outlets was determined
using a blood cell counter (Sysmex F-820, Sysmex
Corporation, Kobe, Japan).

Blood and plasma volumes collected at the channel
outlets were determined by weighing. The ratio of
weights was taken to correspond to the ratio of volume
flows O*, neglecting differences in specific density arising
from differences in hematocrit. Although Q* is therefore
systematically underestimated, the difference to the ac-
tual value is rather small. In the worst-case (45% feed
hematocrit, pure plasma collected), the maximum error
of the volume flow ratio Q* is less than 5% on the basis
of the measured specific density of blood plasma and
blood cells (1,025 and 1,125 kg/m>, respectively; see
Kenner 1989). The error of Q* is further reduced if the
separation efficiency becomes smaller than 100%, and
turns out to be well within the scatter of the experi-
mental data.

4 Results and discussion

A striking feature of RBC depletion in capillary bifur-
cations is the non-linear relationship between RBC
concentration ¢.. and volume flow rate Q.. in the col-
lection channel. In Fig. 3, normalized concentration
values ¢* = c../ct. are plotted as a function of the blood
volume flow ratio O* = Q../Qy. in the collection and the
feed channel (symbols). O* describes the yield of RBC
depleted blood relative to the initial blood volume. In
the absence of any separation effects, the hematocrit
collected at the channel outlets would equal the feed
hematocrit, leading to ¢*=1 irrespective of Q*.

In agreement with previous observations (Svanes and
Zweifach 1968; Fung 1973; Fenton et al. 1985; Pries
et al. 1996), blood with depleted RBC content was col-
lected in the channel with higher flow resistance (col-
lection channel). The concentration of RBCs in the
collection channel approaches zero at decreasing flow
rate ratio. The RBC depletion efficiency achieved in our
high-aspect ratio device is in agreement with experi-
ments using small capillaries (Fenton et al. 1985) and
microchannels (Blattert et al. 2004), while sample
throughput is significantly increased. Strikingly, with
regard to the latter report of RBC depletion assisted by
centrifugal action in bent microchannels (Blattert et al.
2004), a similar depletion efficiency is achieved in our
devices even in the absence of centrifugal forces.

In order to gain a better understanding of the cell
depletion process, we adapted a model by Fenton et al.
(1985) to our high-aspect channel geometry. The theory
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Fig. 3 Measured hematocrit ratio ¢* as a function of volume flow
ratio Q* in the collection and the feed channel for different values
of initial hematocrit (symbols). Fit of the ‘“plasma skimming”
model adapted from Fenton et al. (1985) (lines). ¢ corresponds to
the viscosity ratio of plasma seam and RBC core, and y is a
measure of the plasma seam thickness relative to half of the channel
depth. Channel depth 7=0.05 mm, flow rate 5 ml/min

describes the RBC depletion efficiency and volume yield
as a function of the RBC number density p (number of
cells/m®) and the fluid velocity v (m/s) in the feed
channel. For cylindrical channels, Fenton et al. modeled
p by a cylindrical core of uniform RBC concentration,
surrounded by a plasma seam with zero RBC content.
Adapted to our channel geometry, the Fenton model
predicts a step-like distribution function for p: a core
layer of constant RBC density py is sandwiched between
layers of cell-free plasma,

{l< < (1 =9},
{1=y) <[ <1}

The thickness of the plasma seam y is measured rel-
ative to half of the channel depth (Fig. 1b). Since the
viscous properties of blood strongly depend on hemat-
ocrit, this RBC density profile implies regions of differ-
ent viscosity in the channel. Modeling these regions as
Newtonian fluids, the total velocity profile v(&) is com-
posed of region-specific parabolic flow profiles contin-
uously joined at the boundaries between the RBC core
and the plasma seam:

(=9’ =E+o(1-(1-9°) (e},
¢(1-2) {(1=n<fel<1).
)

Here, ¢ =1#core/Mseam 18 the viscosity ratio in the RBC
core and the plasma seam. The volume flow rate Qg in
the feed channel is determined by integration of v(¢) over
the total channel cross-section area, while the flow in the
collection channel Q. is integrated within o < ¢ < 1. The
latter integration corresponds to the region delimited by
the separation surface, i.e. the volume branched off in
the “plasma skimming” process. Similarly, the RBC

(&) = ¢ (1)

v(&)=



flow rate in the feed and the collection channels are gi-
ven by integration of the product p(&)-v(¢) within the
respective integration limits. The concentration ratio
c* = cqo/cqe plotted in Fig. 3 is determined by the ratio of
RBC flow rates divided by O*.

A qualitative fit of the “plasma skimming” model is
obtained by adjusting the parameters ¢ and y (Fig. 3).
The viscosity of blood varies non-linearly as a function
of hematocrit in the range of ~1.2 mPa/s for pure
plasma to ~4.5 mPa/s for whole blood. Accordingly, for
each hematocrit level, an initial approximation for ¢ was
determined by the viscosity ratio of RBC core and
plasma seam. For each hematocrit level, a set of curves
was then calculated according to the Fenton model, each
curve being associated with a fixed value of y=v;
(i=1,...,25, y1=0.01, y,=0.02,...,7,5=0.25). Parameter
¢ was then readjusted in steps of 0.1 around the initial
value in order to observe the effect of variation of ¢ on
the set of curves y; (i=1,...,25). In this way, a qualitative
fit was obtained by fixing ¢ and 7. Small variations of ¢
and y resulted in an obviously inconsistent behavior of
the fit with regard to the data. The three sets of opti-
mized parameters y and ¢ qualitatively reflect the
anticipated increase of plasma seam thickness and de-
crease of the viscosity ratio with decreasing feed
hematocrit (Fig. 3). The model predicts a stream of pure
plasma (¢*=0) below a critical flow ratio Q*;.

A satisfactory qualitative fit is achieved despite the
simplistic nature of the model (step-like RBC density
profile, non-Newtonian flow behavior not taken into
account), in particular for low feed hematocrit. At high
feed hematocrit, fit and data agree less well, indicating
the presence of effects not covered by the “‘plasma
skimming” theory (cell collisions, cell screening, etc.).
Experiments were conducted at rather high shear rates
(up to 4,000/s), while Reynolds numbers are < 5 (Ta-
ble 1). Pries et al. (1996) predict that even at low Rey-
nolds numbers, “‘particles do not always follow the fluid
streamlines in which their center is located, leading to
red cell screening at the bifurcation”. For Reynolds
numbers larger than 3, Fenton et al. (1985) observe re-
duced hematocrit in the collection branch, which cannot
be reconciled with “plasma skimming” effects. In our
experiments, however, # was only slightly affected by a
factor 2.5 increase of the feed channel volume flow rate
(Table 1).

Hemolysis of RBCs may be of particular concern due
to high velocity gradients and shear stresses occuring in
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narrow channels and at high volume flows. The maxi-
mum wall shear stress is 57.1 Pa for 45% initial
hematocrit (Table 1), well below reported thresholds for
erythrocyte hemolysis (Sallem and Huang 1984). In
addition, the total number of RBCs collected at both
channel outlets was conserved, indicating negligible
hemolysis in our devices.

The separation effect strongly depends on the con-
centration of RBCs in the feed channel. To help illus-
trate this effect, the separation efficiency is plotted as a
function of feed hematocrit for a fixed volume flow ratio
0*~0.037 (Fig. 4). In agreement with the “plasma
skimming” model, the separation efficiency improves
with decreasing hematocrit. At smaller cell density, the
flow velocity gradient across the channel is expected to
increase, enhancing the migration of the cells toward the
mid-plane of the channel (Bayliss 1959; Goldsmith and
Mason 1961) and increasing the effective plasma seam
thickness.

In agreement with earlier studies (Fenton et al. 1985),
the RBC depletion efficiency improved with decreasing
channel depth. At constant feed volume flow rate, the
velocity gradient across a thinner channel increases, thus
enhancing axial cell migration and increasing the con-
tribution of cell-free plasma deviated into the collection
channel. Experimental data for channel depth 1=0.02
and 0.05 mm are shown in Table 2. The separation
efficiency substantially improved with decreasing chan-
nel depth, the improvement being more pronounced at
high feed hematocrit. For diluted samples, the cell-de-
pleted seam may already contribute substantially to the
volume inside the separation surface, and an additional
increase of the plasma seam thickness cannot be ex-
pected to further improve separation efficiency.

5 Conclusions

We have demonstrated a novel microfluidics-based
method that allows for the controlled tuning of particle
density of a suspension under high-throughput pro-
cessing conditions. The device features simple channel
intersections and can be easily integrated into planar
device architecture as a versatile sample preparation
module for various types of suspensions. Blood was
depleted of RBCs with an efficiency that is in good
agreement with previous experiments using small capil-
laries (Fenton et al. 1985) and bent microchannels

Table 1 Influence of feed volume flow rate on Reynolds number, wall shear stress, and cell depletion efficiency n=1—c*

Initial hematocrit o* Reynolds number Re [wall shear stress Separation efficiency 7

(Pa)]

Of.=2 ml/min Qf.=5 ml/min Of.=2 ml/min QOf.=5 ml/min
4.5% 0.025 2 [8.6] 5[21.4] 88% 92%
45% 0.04 0.6 [22.9] 1.4 [57.1] 31% 30%

Channel depth 1=0.05 mm
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Fig. 4 Separation efficiency n=1-c* as a function of feed
hematocrit for a fixed volume flow ratio (Q*=0.037). Channel
depth +=0.05 mm, flow rate 5 ml/min

(exploiting RBC depletion assisted by centrifugal forces,
Blattert et al. 2004), while sample throughput was sig-
nificantly increased by two orders of magnitude. Our
wide, high-aspect ratio device may thus be regarded
equivalent to many narrow channel bifurcations ar-
ranged in parallel. The separation process can be well
described by an adaptation of a simple “plasma skim-
ming” model despite its obvious simplifying assump-
tions (non-Newtonian flow behavior not taken into
account, modeling of blood cell density distribution as a
simple step function, etc.). RBCs may be completely
depleted from whole blood using the proposed flow-
through device, albeit at the cost of a strongly reduced
volume yield.

The single bifurcation layout may be expanded to
combinations of bifurcations with a linear (consecutive)
or cascading series of collection channels. Sample fluid
pumped through a linear series of bifurcations is con-
tinuously enriched in RBCs, since consecutive collection
channels, preferably arranged on alternating sides of the
feed channel, remove cell-depleted plasma. The flow
resistance in the collection channels may be tuned such
that plasma with the desired quality may be collected
from consecutive bifurcations, increasing the total
plasma yield. In a cascading combination of bifurca-
tions, the cell-depleted sample collected at the first
bifurcation is fed to a secondary bifurcation. Taking
advantage of the increasing separation efficiency for
samples with reduced hematocrit, plasma quality after
the second and higher order bifurcations is improved.
However, close inspection of the data shows that due to
the non-linear dependence of the separation efficiency on
volume flow ratio in the range Q*<0.2, a single,

Table 2 Influence of channel depth on cell depletion efficiency
n=1-c*

Initial hematocrit o* Separation efficiency 7

t=0.02 mm t=0.05 mm
15% 0.05 59% 42%
45% 0.07 37% 17%

Volume flow rate 2 ml/min

well-tuned bifurcation is generally more efficient in terms
of plasma quality and yield.
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