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Abstract

Blood suspension fails to penetrate a capillary with radtugess than 50 um even if the capillary is perfectly wettable. This inva-
sion threshold is attributed to three red blood cells (RBCs) segregation mechanisms—corner deflection at the entrance, the intermediate
deformation-induced radial migration and shear-induced diffusion within a packed slug at the meniscus. The shear-induced radial migration
for deformable particles endows the blood cells with a higher velocity than the meniscus to form the concentrated slug behind the meniscus.
This tightly packed slug has a higher resistance and arrests the flow. Rigid particles and rigidified blood cells result in wetting behavior sim-
ilar to that seen for homogeneous liquids, with decreased RBC migration towards the capillary centerline and reduction of packing. Corner
deflection with a radial drift velocity accelerates the radial migration for small capillaries. However, deformation-induced radial migration
is the key mechanism responsible for penetration failure. This sequence of mechanisms is confirmed through videomicroscopy and scaling
theories were applied to capture the dependence of the critical capillary radius as a function of RBC concentrations.
0 2005 Elsevier Inc. All rights reserved.

Keywords: Suspension rheology; Diagnostic kits; Blood rheology

1. Introduction diameter smaller than 100 um. This has hence become a ma-
jor technical obstacle to further miniaturization of diagnostic
Development of miniature blood diagnostic kits has seen kits. As the red blood cell (RBC) dimension is only ten mi-
a great deal of interest recently. Many of these Kkits, involv- crons, it is unlikely that this penetration failure is due to RBC
ing multistage separation and detection, require the blood blockage. The most likely cause of the penetration failure
sample to be transported through a network of microchan-is a RBC aggregation mechanism that can locally increase
nels. Capillary wetting is by far the most common blood the RBC concentration to maximum packing. As the blood
transportation mechanism in diagnostic kits. A portion of the suspension viscosity is a strong function of the RBC concen-
blood sample invades into a microneedle or glass capillary tration, the hydrodynamic resistance at maximum packing
that leads into an enclosed Kit]. The entire drop cannot  becomes too high to allow further penetration.
penetrate through the kit as the back meniscus would sup-  There are numerous suggested and known suspension
press the penetration. Since the volume of blood sample hassegregation phenomena that could lead to RBC aggregation.
a strong effect on the marketability of the kit, considerable particles are known to migrate across streamlines due to
effort has been focused on making the smallest microfluidic asymmetry[2], deformability[2,3], inertia[4] and particle—
kit and loading microneedle that require the least amount of particle interactiorj5]. The first three mechanisms give rise
blood sample. to cross-streamline drift or ballistic motions whereas the last
However, recent reports show that whole blood cannot ,qqyces transverse diffusion-like migration mechanisms, as
penetrate far into a wetting capillary or microneedle with . iision theories often do.
Another known aggregation phenomenon is the packing
~* Corresponding author. Fax: +1 574 631 8366. of particles behind an advancing menisd6$. This will
E-mail address: chang.2@nd.ed(H.-C. Chang). be shown to be an important mechanism in the penetration
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failure. However, as shown by Karnis and Mag6h such with a net hydrodynamic drag force in the cross-streamline
packing is negligible for rigid latex particles and there is in- direction to produce drift away from the wall. The asymmet-
significant change in the meniscus wetting speed from thatric velocity perturbation produced by a nonspherical particle
of a homogeneous suspension. The packing must hence bén the presence of wall contributes to this dffft. For parti-
more pronounced for RBCs for a yet unknown reason. cles with fore—aft symmetry and without a fixed orientation,
In this report, we shall show that the key mechanism for like RBCs, external flow will only result in zero-mean ro-
penetration failure of small capillaries is cross-streamline tation and hence no net transverse hydrodynamic force or
migration due to particle deformation. It is the deforma- drift. It is the small deformation produced by the strain of
tion driven radial migration that prevents the RBC from external flow that breaks the fore—aft symmetry and the com-
rehomogenizing beyond the entrance region-like rigid par- pressive and tensile forces normal to cell surface will result
ticles. Additionally, Fahraeus—Lynquist effect of a radi- in a net transverse force and migrati@j. Inclusion of in-
ally segregated blood suspension with a marginal layer ertia is sufficient to break the symmetry of the velocity field
of RBC depleted region near the capillary wall can only around the particle. Such flow field around a particle near
occur for deformable RBCs. Due to the negative diffu- a wall differs from the velocity field of a particle in an un-
sion driven by deformation-induced radial migration, the bounded flow. The extra inertial drag and compressive force
RBCs favor the capillary axis and preferentially sample the due to the wall lead to a transverse migration with velocity
higher velocity there. As a result, they are endowed with 81Uay/2/67vY? [4]. If the particle is spherical and rigid,
a higher average velocity than the average liquid veloc- only the inertial mechanism can produce a cross-streamline
ity, which is also the meniscus velocity. The RBCs then drift away from a flat wall. However, rigid particles ten mi-
outrace the meniscus and pack behind it to form a highly crons in radius equilibrate with the fluid velocity within
concentrated slug. When the concentration within the slug a negligible inertial time of~10~° s and inertial effects
reaches maximum packing, the penetration advance is ar-are typically discounted. For curved flows near a nonplanar
rested. We document all these mechanisms with video imag-surface, normal stress instead of tangential drag can push
ing and verify them with scaling theories that collapse our a spherical particle across streamlines. Fore—aft symmetry
data. along the streamline is also revoked by the curved stream-
line and drift exists even for spherical particles. The resulting
normal stress gradient across streamline can be expressed as
2. Wetting and colloid segregation theory a normal pressure gradient by Faxen L[a@]. El-Kareh and
Secomid11] have analyzed such cross-streamline deflection
Penetration of a wetting fluid into a circular capillary by around a cylinder and concluded that, for a cylinder much

Poiseuille flow is known to advance at a speed(wf = larger in radius than the particle radius, the deflection is neg-
o R/(8Lw), which scales linearly with the capillary radiis ligible.

and inversely with the wetted capillary length[7]. Experi- There are three known particle—particle interaction theo-
ments show that the speed for typical whole blood surface ries for suspension diffusion—all for simple unidirectional
tension ¢ = 55.89 x 10~3 N/m) [8] and viscosity f = shear flows. One drives the particle from a high shear-rate

4 cp) is still a robust 1.0 cifs at a distance of = 1.0 cm streamline to a low shear-rate streamline and is commonly
from the entrance of a capillary witR = 25 pm. Such ho-  known as shear-induced migrati¢s]. The basic mecha-
mogeneous wetting would persist tRl ~ 5 um when each  nism is that there is more collision on the high-shear part
individual blood cells would need to be compressed before of the particle—it is a finite-size effect. Hence, a normal
they can enter the capillary. Hence, penetration failure at gradient of the tangential shear-rate, i.e., a normal curva-
R ~ 50 um must be due to a blood cell segregation phenom-ture in the tangential velocity, must be appreciable over the
enon that can somehow produce a concentrated slug withinparticle dimensionu. Its diffusivity scales ag ¢a? as the

the capillary. collision frequency i ¢. It is a negative diffusivity as the
The most plausible segregation mechanism is related todiffusion is towards lower shear rates. The second diffu-
the Fahraeus—Lynquist phenomerjéhof radial blood cell sive mechanism across streamlines is due to normal concen-

segregation in the unidirectional flow of a straight capillary, tration gradient across the particle, which also produces a
when the flow is not driven by wetting but by a continuous change in the collision frequency across the particle. Yet a
flow driven by a syringe or a higher pressure head. Fahraeus-third mechanism corresponds to a shear-rate gradient pro-
Lynquist segregation of RBCs in unidirectional capillary duced by viscosity gradient. These two mechanisms also
flow has been attributed to a variety of mechanigf<b] have a diffusivity scaling ofy¢a? but it is a positive dif-
due to asymmetry, deformability and inertia. Migration due fusivity since the diffusion is down the concentration gra-
to asymmetry, deformability, or inertia is usually attributed dient. The characteristic diffusion time across a capillary is
to hydrodynamic interaction between the particle and a flat henceR?/y ¢a? and for wetting flow, the capillary length
wall with unidirectional shear flow. Typically, these mecha- over which this occurs is the longitudinal induction length
nisms break the fore—aft symmetry of the flow field around L; = (u)R?/ypa? = (R3/a?)/¢ for radial segregation to
the particle to produce a privileged orientation that couples develop at the entrance.
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The cross-streamline migration mechanisms are believedcarried out by placing a drop (volume 100 pL) of bovine
to cause the famous Fahraeus—Lynquist effect—the radialRBC suspension or latex suspension at the entrance of the
segregation of blood cells inside capillaries and the atten- glass capillary whose radiug ranges from 10.5 to 50 um.
dant change in the local blood cell concentration. However, All suspensions are deemed to wet the glass capillary from
which cross-streamline mechanism is responsible has notstatic angle measurements on glass substrates. The menis-
been scrutinized and will be analyzed in this report. More- cus motion and the particle concentration are monitored with
over, the radial segregation of blood cells is towards the cap-the high speed video camera (1000 frapis@sattached to a
illary axis and hence would reduce the effective viscosity of microscope. The field of view contains roughly a 200 um
the blood suspension. Hence, these radial migration mechasection of the capillary and video movies are recorded at 6—
nisms by themselves cannot explain the penetration failure 10 separate stations of known distances from the entrance.
of blood suspension. A separate experiment is carried out for measurement and
imaging at each station for a giveky ¢o and drop volume
placed at the capillary entrance.

3. Experiments Bovine RBCs (Animal Technologies, Inc., Tyler, TX),
were resuspended in standard 0.9% saline solution (Phoenix

The capillary wetting system used in this study is de- Scientific, Inc., St. Joseph, MO) to prepare blood suspen-
picted in Fig. 1 It consists of a glass capillary tube of sjons of different concentration. The initial erythrocytes vol-
known radius (Polymicro Technologies, Phoenix, AZ), ami- yme fraction was determined to be roughly 95-100% by
croscope and high speed video camera system (Olympusmeasuring the hemoglobin concentration. The RBCs were
2004). A series of capillary wetting experiments are then diluted, respectively, to 1, 5, 10, 20, 30, 40% blood suspen-
sions. A 5 um polystyrene Flux latex particle suspension,
whose particles are roughly the size of erythrocytes, was
also used apg = 1 and 5% to contrast the behavior of rigid
particles to deformable ones. Glutaraldehyde treated RBCs,
reported as rigidified RBCEL.2], were also prepared by re-
action of 25% glutaraldehyde with RBCs at a 2:1 molar
ratio with RBC haemoglobin concentration. Glutaraldehyde
treated RBCs were then washed and resuspended in standard
0.9% saline solution to prepatg = 10 solution.

The recorded images of meniscus advancing show a con-
centrated slug behind the meniscus of deformable blood sus-
pension, yet not behind the latex particle suspendgtim @).

Blood Sample Q The deformable RBCs behind the slug have clearly aligned

themselves to the axis (top left) and their concentration is
distinctly lower than that at the slug (top right). In contrast,
latex particles are radially unsegregated and their concentra-
tion is homogeneous throughout the slug. The slug length

Glass Suport

High Speed Video Camera System Lsiug does not vary significantly downstream at low concen-
trations (<10%) and small capillary radius, but its value is
Fig. 1. Schematics of wetting experiment setup. a strong increasing function of the capillary radiésg( 10,
*
[ H
o 1
2. |
g
el
Concentration

Fig. 2. Blood (top) and latex (bottom) suspensions (lagfl= 1%) advancing in capillary. In blood suspension (top), a concentrated slug is formed behind the
meniscus but blood cells are segregated towards the axis behind the slug. For latex suspension (bottom), neither meniscus packing nor ugsti@ais segre
observed. The concentration profiles on the left are computed profiles for deformable particles and rigid particles at two characteristic ¢gndifi®is

¢ = 3.86, along the capillary and for rigid particles.
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Fig. 3. Scaled meniscus velocity versus the wetted lefgthhe precipitous drop in the velocity within 1 cm from the entrance for concentrations beyond the
critical one is evident for each of the three capillaries used.

insert). The meniscus curvature also remains constant during
the penetration, suggesting that the RBCs in the concen- 6lm o
trated slug have not embedded themselves onto the interface
and caused possible changes in the surface tension. At low
concentrations, the segregated RBCs behind the slug can be e =
visually observed to migrate into the slug.

While the concentration of RBC in slugs is observed for I
all conditions, the wetting dynamics depart from homoge- .
neous wetting only for high concentratigiy and low ra-
dius R. Measured meniscus speeds of blood suspension in
capillaries of varying radiu and ¢ show a precipitous
drop at concentratiog = 40% for R = 25 pum capillary, .
¢o = 10% for R = 13 um, andpp = 5% for R = 10.5 um, 0 1 2 3 4 5 6
respectively. IrFig. 3, the recorded meniscus velocity) is Lem
normalized by the homogeneous scaling to be)8L/Ro Fig. 4. Velocity difference between normal RBC suspensions and glu-
and is shown to be close to the theoretical value of unity for taraldehyde treated RBC suspensions at critical concentration 10% of a
small ¢o and largeR. For the other valuesyu) drops pre- ~ 28Hm capillary.
cipitously over a short distance of approximately 1 cm from
the entrance. This anomalous wetting behavior is believed capillaries, the rigidified 10% blood suspension invades with
to explain why whole blood cannot penetrate far into a cap- a higher velocity than the untreated blood suspension at dif-
illary with R < 25 um. To further establish that the RBC ferent positions along the capillary.
deformability is responsible for penetration failure, we use  Capillaries less hydrophilic are prepared by pumping
the glutaraldehyde treated RBCs as a control and comparecorn oil through for perfusion. The residual liquid inside is
the meniscus velocity of the untreated blood suspension toremoved by connecting one end of the glass capillary with a
this control inFig. 4. At the critical concentration of 26 um  vacuum and checked under microscope prior to use. The sur-

10% normal RBC 1

o
T

m  10% polymerized RBC B
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face modified capillaries showed a noticeable change both
in contact angle and in the magnitude of meniscus veloc-
ity (Fig. 5. The less hydrophilic capillaries demonstrated
a negligible longitudinal concentration gradient compared
with blood suspensions due to the reduced difference of the
radial velocity.

The corner deflection mechanism is scrutinized in sep-
arate experiments with a simple reservoir setup. A diamond (1)
cutter is used to keep the uniformity of each capillary corner.
Samples to be analyzed, both blood and latex suspensions
are withdrawn from inside the reservoir through the cap-
illary. The corner of the withdrawing capillary is observed
under the high speed camera and particle evolutions at dif-
ferent withdrawing flow rates are recorded.

In the corner deflection experiments, as demonstrated in
Fig. 6, both the RBCs and latex particles are clearly deflected ety
across the liquid streamlines and away from the capillary (2) =& SRSt V-~ |cm/s
corner wall. They are then injected along the capillary axis : . e
in a single file or within a small cylindrical core around the
axis. The same deflection trend shown by both RBCs and la-
tex particles indicates that deformation or asymmetry is not
the key factor for these phenomena. The deflected distance
is also insensitive to shear rate and flow rate, as the three
images inFig. 6 correspond to velocities separated by two
orders of magnitude. The particle inertial equilibration time
m/6m pa is about 10° s while the transit time of the par- (3
ticles around the corner is longer than—#0s. Hence it is

V~ 10cm/s

e

u.:b'

A ekaifian

V~ Imm/s

unlikelv that inertia plavs a role. Collision is also ruled out Fig. 6. Corner deflection of blood cells at three_invasion velocities of
y play roughly 10, 1 cnis and 1 mnjis produced by a syringe pump. Note the

from visual observation. A conic SUSpgnS'On Strucu_”_e devel- deflected distance is independent of the velocity over a velocity range that
ops at the entrance due to the deflection, as showngin?. spans three orders of magnitude, as is consistent with our theory.

The suspension within the cone is more concentrated and the
RBCs are injected within a larger core around the capillary
axis at higher velocities. This larger injected core at high ve-
locities is probably due to enhanced particle collision in the
highly packed conic region. We have attempted to mechan-
ically alter the sharpness and capillary wall thickness of the
capillary. Regardless of the jaggedness of the corner (as ev-
ident inFig. 6), the corner deflection phenomenon is always
observed.

o7 HydrophObic capi”ary - -

50 4 = Hydrophilic capillary .

Fig. 7. Corner deflection and cone formation of blood cells at the entrance
of capillaries withR = 50 pm andpg = 1%.

s All of these observations suggest a mechanism for the
anomalous wetting dynamics involving a sequence of segre-

gated, homogenization and packing dynamics for the blood
cells. As the RBCs segregate and migrate to the axis due
0 ‘ ‘ ‘ : : ! to corner deflection, they achieve a higher average veloc-
0 e . . . L ity than a homogeneous suspension, i.e., the average fluid
fem) velocity (ufuig). After this entrance transit region, there is
Fig. 5. Meniscus velocity of both hydrophilic capillary (top image) and hy- an intermediate well segregated region due to shear-induced
drophobic capillary (bottom image). migration of deformable RBCs. As the meniscus must move

=

S
L

-
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at the average fluid velocityuq,iq) due to flow balance, the
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which specifies the degree of segregation of the RBCs and

RBCs reach the meniscus and pack behind it to form the the resulting change in apparent viscosity. We take King and
concentrated and radially unsegregated slug region. The slug-eighton’s empirical value of = 0.3, k; is subsequently fit-
concentration increases in time at a rate proportional to theted to be—0.012 andoce, the effective tension of RBC, is

flux from the segregated region and hence increasesjyith

taken to be 4« 10~ mN/m from the AFM force measure-

As the suspension viscosity is known to reach extremely ments of Tachev et aJ17]. The pressure gradierl is the

high valueq13] when the blood cell concentration reaches
maximum packingpmay, Viscous drag at the slug increases

pressure gradient of a particular flow channel that can also
be deduced from the flow rate if a homogeneous fluid is as-

as the meniscus advances. However, viscous dissipatiorsumed. It is related to the characteristic shear yaterough

within the slug can only affect the wetting dynamics if the
slug lengthLs)yg is comparable td.. This occurs at small
speeds and smalk. These qualitative arguments for the
anomalous wetting dynamics occurring at laggeand small

R are quantified with a scaling model (see below) to deter-
mine the critical radiu. as a function ofpg.

4. Intermediate segregated region and the
Fahraeus—Lindquist effect

The radial migration of deformable RBCs towards the

axis, responsible for the Fahraeus—Lindquist effect, is clearly

also evident in blood penetration, as seerFig. 2 With-
out this migration, collision will rehomogenize the particles

radially after the corner segregation, as seen in the latex/t(¢) = ufuid(1— (¢/dm)) -

particle images oFig. 2 A radial migration model for de-

formable drops has been suggested by King and Leighton

[14], which combines the deformation term derived by Chan
and Leal[15] with a term that combines shear-induced mi-
gration and self-diffusiorf3,16] to produce the radial par-
ticle flux for a radially distributed blood cell volume frac-
tion ¢ (r),

d¢
5’ (1)

wherek, is a universal constant, is the particle (blood cell)
radius,ocey is the effective membrane tension apds the
local shear rate. The shear ratéhas a characteristic value
of (y) = (u)/R for a capillary.

The first term is due to shear-induced migration of a de-
formable particle and it scales €. The second term with
a diffusion coefficientD = Aya?¢, wherea is another con-

Ny =kq <yaL)ya(ar)/(R2)¢ -D

Ocell

stant, measures diffusion down concentration gradients due

to particle—particle interaction, including contributions from
both self-diffusivity and gradient-induced drift. In contrast,
the shear-induced migration rate for a rigid particlg ig¢

and has the same linear scaling as the second diffusion term

As a result, since the steady radialdistribution in well-
developed capillary flow is determined B¥. = 0, the rigid

particle concentration profile and apparent viscosity are in-

dependent ofy or R as both terms inV, have identical
scaling fory. For deformable particles, however, the scal-
ing with respect to is different for the two terms i, and
the ratio between the two yields a unique parameter,

B = (2kq/9ocen) (allR /¢o), (2

force balance.
In contrast, the radial flux for rigid particles is

¢

9 d 9
27 1 4y 1 507 (ding i) y>, @3)
r ar

ar

where the third term accounts for viscosity gradient with
§ = 1.52, and the first two capture the usual shear-rate and
concentration gradient mechanisms.

Due to the identical scaling for all three terms (i),
the equation is exactly integrable. The first integral yields
a power law scaling

(6" () /bw) = (vu/y ) (a/1(* (1)) (@)
if a power law constitutive equation for the viscosity is used:

(5)

The quantities in(4) with subscriptw correspond to wall
values, which are taken as reference points.

Equation(4) can be substituted into the equation of mo-
tion, driven by a constant pressure gradight

10 ou
el W

o (10957)

The viscosity dependence on concentratioi@™) is typi-
cally different for blood cells and rigid particles. Suspension
of rigid particles reaches infinite viscosity at the simple cu-
bic packing volume fraction ap,, = 0.62 while blood cells
can be squeezed considerably before the viscosity blows up.
However, as we shall confirm that for blood cell volume
fraction below 0.6, the value of the critical concentration is
unimportant and is taken to b, = 1.1. The plasma vis-
cosity uquig in (5) is taken to be 1.0 cp and the exponent
v = 1.82 will be shown to adequately fit the data of Haynes
and Burton13].

Inserting (4) into (6) and solving foru in a cylindrical
capillary, produces the shear-rate and concentration profiles.
Fluid and particle flux balances then specify the flow rate
and the reference wall values,

N, = —kcaz(qb

(6)

R
1- 00 = [ (1= ¢*"))ur)rdr, (7a)
0
R
$00 = f ¢* (Mu(rrdr, (7b)
0
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wheregg is the homogeneous concentration ghdhe flow particles quickly rehomogenize by particle—particle interac-
rate. tion to reach the nearly homogeneous distributio(®fThe
Due to the self-similar scaling ¢#), a universal relation-  ‘induction’ period for this equilibrium isk?/ya?¢ and the
ship betweery* (r)/¢o andr/R can be obtained induction length isR®/a?¢. For a 10 um particle solution at
¢ = 0.4 andR = 20 um, this distance is less than 0.2 mm.
(9" /o) (r/R) =& (1— (¢o/¢m)¢*/¢o)6v_v, (8) This is shorter than the penetrated distance when invasion

failure occurs for a similar blood suspensionhiyg. 3. It
would have equilibrated and homogenized at that distance
and could not have caused penetration failure.
For deformable particles, the equilibrium distribution
must be determined with a simultaneous solution of the ra-
* dial flux equation(3) with the equation of motior5). As
(¢ (r)/%) =&/ (E90/m +1/R). ©) the scaling of the deformation mechanism(k) is differ-
wheret = ¢, /(1 — ¢u /dm) ande,, (¢o) is determined from  ent from the diffusion mechanism, a universal distribution
both particle and liquid flux balance and is only a function like (9) is impossible. Instead, the normalized distribution
of ¢o. For given homogeneous concentration (1% particle (¢*/¢o) is a function of(r/R) and the only parametg of
volume fraction), this distribution could be integrated nu- (2).
merically to produce the profiles as shownFiy. 2 This We have obtained these profiles as a functiorgaby
universal distribution also produces an apparent viscosity Solving the flux equatioil) and the equation of motiof#)
that depends only o, the homogeneous concentration, simultaneously. We find that a clear plasma layer develops

where the exponeris — 1)v ~ 0.94 for the valué = 1/0.66
andv = 1.82 of our constitutive equation. Sin¢g& — 1)v is
close to unity,(8) can be simplified to an explicit universal
distribution for rigid particles,

atf. = 15/7.
The apparent viscosity is also a functiongfin Fig. 8,
Ky =T ITR*/80 = ¢0nHR4/< /¢> (Fu(r)r dr) we compose our computed viscosity as a functiorRab
measured values for continuous through flow at constant
(10) for blood suspensions of different volume fracti¢h8]. Sat-

Hence, the apparent viscosity for rigid suspension is inde- isfactory agreement is observed. In particular, the locus of
pendent of capillary radius—a scale-invariant universality critical 8 for marginal layer is also shown and is in agree-
due to the identical scaling of the three migration mecha- ment with experimental observations.

nisms due to particle interaction {8). The equilibrium pro- In Haynes and Burton’s dafa3], the apparent viscosity
file (9) only slightly favors the axis. From an entrance distri- is observed to increase witR for constantQ experiments
bution localized at the axis due to the corner deflection, rigid but decrease wittR for constant/I experiments, in con-
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Fig. 8. Apparent blood viscosity in constagtexperiments of Haynes and Burton for varigitgsand R. The computed curves are also shown. The crosses
correspond to the onset of a clear marginal layer when the blood volume fraction is zero at the wall.
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Fig. 9. Collapsed data of Haynes and Burfb8] for both constant pressure and constant flow rate whole blood flow in capillaries of radiime horizontal
axis of (pog/I1 R) has the same scaling As

tradiction to the rigid particle result qfL0). This apparent  f/(16) and azimuthal velocityy ~ (Q /27 R?)(r/R)*~1r x
contradiction is explained by thgscaling oflT R /¢g which f(A0) can be derived from this stream function. As- 1 is
introduces a newR scaling throughQ in (10). In Fig. 9, less than unity, the normal viscous stress dug,tthis flow
we collapse all constard and constan) data of Haynes  exerts on an infinitesimally small particle abecomes sin-
and Burton[13] into a universal curve that depends only on gular wherr vanishes:
ITR, the B8 scaling. The collapsed data span<Gy <
((1)5.08/3, 50 umf R < 75% um and &%7 <160 mrg Hzc())f?:m. T ~ 20(Q /21 RP) (r/ RY 2 = 1) £ (16). (12)
This excellent collapse underscores the importance of defor-With this singular corner flow, the normal stress is clearly
mation in blood rheology and the accuracy of our constitu- nonuniform in ther direction and hence, over a finite-size
tive equations. particle, a net force on the particle exists normal to the
streamline. Using the particle radius amasut-off, this hy-
drodynamic interaction then produces a normal fafcen
5. Corner deflection the blood cell that scales aswa(a/R)*~1(Q/27 R?).
Using Faxen law, the particle transverse deflection ve-
The entrance deflection cannot be due to centrifugal force locity [10] due to the normal pressure gradient can then be
due to the small turning radius. Instead, we propose that it is expressed as
due to a local but strong hydrodynamic interaction between _
the particles and the corner. The corner geometry, unlike theV - Q/(G”RZ) @/R) E (13)
case of a flat wall, produces a curved flow field without fore— This is the cross-streamline velocity due to hydrodynamic
aft and cross-streamline symmetries about the particle. Theinteraction with the corner. The radial cross-streamline de-
stream function of a corner flow with the same flow rate flection for the transit time across the corner can then be

Q/2x R of the capillary flow could be solved as estimated as
Vv = Q/27R(r/R)" f (16) b~ (3/2ma/Up)V ~ (7/2)a, (14)
= (Q/2r R)(r/R)*[ coq (A — 2)a) cOSAD where 327a/ Uy is the circuit time around the corner, for a
— coshar) COS(A — 2)9] (11) particle closes the surface. It is hence clear that the particle

is deflected only a few particle diameters across the stream-
where f is a unit-order harmonic function of the azimuthal lines. This deflection difference is also independent of shear
angled, andx = 1.56 is the leading eigenvalue of the bihar- rate or flow rate, as is consistent wkig. 6.
monic operator for viscous flow near a wedge in cylindrical A contraction mapping of the streamlines at the corner
coordinates. The radial velocity, ~ (Q /27 R?)(r/R)*~1 x onto the converged Poiseuille flow streamlines within the
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capillary then gives an estimate of the deflected distance The segregated RBCs behind the slug are held at the cap-

from the wall in the capillary illary axis by the shear-induced particle segregation mech-
N anism that favors the low-shear axis over the high-shear
b/R~ (a/R)". (15) wall region[5]. Due to RBC deformation, this shear-induced

migration is much stronger for RBCs than rigid particles
[15], thus explaining the lack of segregation in latex par-
ticle suspensions ifrig. 2 This migration mechanism can
be interpreted as a negative diffusion process with a diffu-
L, ~ R(R — b)2/¢a?. (16) sivity of ¢o(y)a?, wherea is the effective blood cell ra-
dius (~5 pm). This migration mechanism disappears at the
With this corner deflection, the radial migration of blood cell meniscus, as the radial shear gradient disappears. Instead,
deformation is enhanced. This produces a critical capillary a positive diffusion process due to radial concentration gra-
radius that depends afp. dient develops to drive the blood cells to the wall with a
diffusivity that also scales ago(y)a? [5]. The slug length
can hence be estimated by a balance between the radial dif-
6. Meniscus packing region and critical penetration fusion timeR?/¢oy a? and the longitudinal convection time
conditions Lsjug/ (1) ~ Lsiug/ (Ry). This yields aLgjug whoseR? scal-
ing is in good agreement with our measured slug length in
While radial migration and segregation of RBCs produce the insert ofFig. 10 There is a differentpg dependence
a lower apparent viscosity in well-developed and continuous through blood cell deformatiofil5] and we improve the
capillary blood flow driven by a pump, they can have an op- above scaling empirically tdsjug~ 35.0(R%/a?)(¢0)Y/? to
posite effect on wetting flow with an advancing meniscus. produce the good collapse of measured data for a wide range
The radially segregated RBCs pack behind the meniscus a®f blood cell concentrations and capillary radiifig. 10in-
they possess a larger average speed than the meniscus speegrt.
If the packing occurs near the entrance, the packed slug with ~ Since Lgjyg iS constant throughout the penetration, the
elevated hydrodynamic resistance occupies a significant por-blood accumulation rate in the slug is described by
tion of the wetted length and can be longer than the length
of the segregated region with lower apparent resistance. As9®sug/d = ((ug) = ()(®)) /Lsiug: 17
such, capillary penetration is arrested. If the packing occurs where(-) denotes cross-section average. A totally segregated
far from the entrance, however, the lubricating and viscosity suspension with all particles along the axis would yield an
reducing effect of the dominant segregated region prevails. initial packing rate ofu¢) — (u)(¢) ~ (u)¢po as the axis ve-

With the deflected distanck, the particles need only mi-
grate the reduced distan¢® — b) under the effect of shear-
induced migration and the entrance transition length is

1 ' f T ' 7 o3 T o T 5 1 5 s 7
/ a
0.9+ / 0.3r ® Diameter=50um T
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/ & 02
0.7r / if? 0.15 u
-
0.1F
0.6+ ]
o 0.05F
E=S
0.5r ° R"jrpg'slaE l(cm) . * %10~ |
0.4+ 7]
0.3r ¢ 7]
0.2r ¢ ]
0.1F * (a) i
L4
0 I 1 »

I 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Capillary Diameter (um)

Fig. 10. Critical penetration condition in the concentration—diameter parameter space. The green triangles correspond to homogeneoustheeting and
diamonds arrested wetting due to the packing mechanism. The curve is our theoretical result. Insert measured slug length for three capitafy didmete

and three concentrations (red symbol 10%,; blue symbol 5%; green symbol 1%) compared to our adjusted theoretical scaling, balancing rigiigarticle ra
migration with longitudinal convection.
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locity is twice the average velocityi) in Poiseuille flow.
With this approximation(17) yields a correlation between
the slug concentratiogs)yg and the meniscus position (wet-

R. Zhou, H.-C. Chang / Journal of Colloid and Interface Science 287 (2005) 647-656

with electrokinetic flow[19]. Microvortices to rehomoge-
nize the blood cell distribution can also be utilized. Work
is under way in our laboratory to produce microneedles that

ted length)L, (¢siug/#0) ~ (L/Lsiug). The wetted length  can circumvent blood loading failure with these strategies.
Lmax for the slug to reach maximum packing can hence be Another approach is to reduce the corner deflection that en-
estimated by hances the radial migration effect at small capillary radii and
high concentrations—the conditions most critical to diag-
nostic kits. Removal of this corner deflection could allow

Combined with the other segregation mechanisms at the en_penetration.of whole blgod intc_> any capi[lary Iarggr_ thgn,
trance, the segregated region is hence sandwiched betweeﬁ?y’ ?0 Hm N radluts ' Thlshmaytkllrjvs Ive tedf'(t)# S mo<.j”|f|cat|or:|
the entrance transition region and the concentrated meniscug er rafnt(;]e geome rytsu_lczh as I(t: hessorthe (Iza,f_" ary n{ah’
slug. Failure to penetrate occurs when the segregated regioﬁ"Ing € ofthe corner, etc. The most promising soiution, whic

is vanishing short and the maximum packing is reached asg}aydnot blf' praCt'C?]I fo.r somef apphcath?s, _||:shto mimic .tth?
soon as the blood cells leave the entrance transition region, 00d-sucking mechanisms ot a mosquito. The mosqurto's
proboscis is less than 100 um in diameter and yet it suffers

no blood penetration failure. The solution there, we believe,
o _ ~ isthe removal of the meniscus by preinjecting a second fluid
If the entrance segregation is due to shear-induced migra-from the mosquito. A robust microneedle that allows the

tion, L, would be identical td_sjug and(18) and(19) would loading of microliter of blood sample is the goal of our cur-
produce the unreasonable penetration conditiopoof 0.5 rent efforts.

independently ofR, clearly in contradiction té-ig. 10 Cor-

ner deflection becomes negligible at lal®end this purely

shear-induced migration mechanism may be reached foracknowledgments
large radii. Indeed, the data &ig. 10 seem to approach a

constant critical concentration of about 0.5 fr- 100 pm. This work is supported by a NASA Grant NAG5-10503.
However, we shall focus on the low-radii limit pertinent to e are grateful to Dmitri Lastochkin for assistance in col-
microneedle designs, where the critical radius is a function |ecting the data oFig. 3and to David T. Leighton and Ping

of the concentration and vice versa. The deflection mECha-Wang for valuable discussions and assistance. We also ac-

nism is hence responsible for the dependence of the penetraknowledge the blood supply by Jason Gordon from Andre F.

Limax= Lsiug/¢0 = 35.0(R%/a?) /3. (18)

Lmax=L; + leug~ (19)

tion condition on capillary dimension.

Inserting(16) and(18)into (19), we obtain an estimate of
the critical capillary radius. for penetration as a function
of blood cell concentratiopg by expanding inpg

(R/a) = 177(1+ 1.04p5"" + 1.38¢y/> + 1.97p7 %), (20)

which is in good agreement with the low-concentration data
in Fig. 3a. The interceptR, = 1.77a ~ 10 pm at¢g =0
corresponds t&@ = R. This scaling prediction, which is in
guantitative agreement with our critical capillary radius data
for blood penetration irFig. 8 predicts a critical capillary
radius of 35 pm for whole bloodgpy = 0.45). This inva-
sion threshold is consistent with the industrial benchmark
of 50 um.

7. Discussion

Palmer’s group at Notre Dame.
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