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ABSTRACT

Analyzing, quantifying and optimizing crossflow microfiltration of fine suspensions

Levy Amar

Steady state crossflow microfiltration (CMF) is an important and often necessary means for
varying sized particle separation. It has been widely used in both industrial and biomedical
processes, including a wearable water removal device intended to maintain end stage renal

disease (ESRD) patients euvolemic.

For kidney replacement therapies, there are few options available. Kidney transplantation still
represents the optimal treatment for ESRD patients, even though it often requires daily post-
transplant medication including immunosuppressant drugs to avoid rejection of the transplanted
organ. The transplanted kidney itself has an average lifespan of only 10 years. The biggest
engineering contribution to the cited problem was made about 60 years ago with the invention of
dialysis machines (or some variation thereof). Dialysis still represents the optimal and most
widely used therapeutic approach to renal replacement during long waits on a transplant list. The
present-day dialysis system is bulky, totally mechanical, and extracorporeal, leading to a widely
used therapy that is only effective in extracting water and toxins out of the blood-stream, but still
with major drawbacks (i.e. intermittent treatments, 5-hours thrice-weekly, and forcing clinic-
centered therapy) that are permanently costly. These drawbacks pose a major impediment to
rehabilitation or any other lifestyle activity such as working or studying. Of all the vital organs,

the kidney is both the most subtle in its homeostatic action and the most complex in terms of the



structures it uses to accomplish its action. This thesis proposes a single facet of the multiple

complexity of this vital organ: filtration.

To that effect, CMF of blood suspensions through a microsieve were studied. Experiments,
reported here, have correlated macroscopic measurements - filtration rates, transmembrane
pressures (TMP), shear rates - during filtration through a photolithographically pored
semiconductor membrane with direct observation of erythrocyte behavior at the filtering surface.
Erythrocytes, the preponderant particles in blood, are believed to dominate filtration resistance.
At low filtration rates (low TMP), erythrocytes roll along the filter, but at higher rates (higher

TMP), there is an increasing probability of their sticking to the sieve.

The design of membrane separation processes requires quantitative expressions relating the
separation performance to material properties. The factors controlling the performance of CMF
have been and continue to be extensively reviewed. There have been a number of influential
approaches in CMF. Most have been based on the rate limiting effects of the concentration
polarization of rejectate at the sieving surface. Various empirical and intuitive models exist
which have been critically assessed in terms of their predictive capability and applicability to

CMF from a microfluidic channel. Chapter 1 summarizes this assessment.

Chapter 2 takes a closer look at how erythrocytes behave in a microfiltration environment.
Maximum steady-state filtration flux has been observed to be a function of wall shear rate, as
predicted by any conventional cross-flow filtration theory, but to show weak dependence on
erythrocyte concentration, contrary to theory based on convective diffusion. Flux is known to be
directly proportional to the TMP; however, since the pressure drop across a channel decreases

along the direction of flow, TMP must modulate along the channel (highest at the leading edge



of the membrane and lowest at the trailing edge). As a consequence, an area of stuck particles
growing from the inlet (regimen of high TMP) has been observed, leading to a “fouling
cascade.” Post-filtration scanning electron micrographs revealed significant capture and
deformation of erythrocytes in all filter pores in the range 0.25 to 2 um diameter. This was then
found to form a self-assembled partially complete monolayer. Filtration rates through these
filters were reported and a largely unrecognized mechanism was proposed, which allows for

stable filtration in the presence of substantial cell layering.

Chapter 3 proposes a microfiltration model that pertains to non-deformable particles that are
large enough to intrude significantly into the shear layer of a microchannel. A stable, stationary
multilayer of particles was studied, whose thickness is shear-limited. The structure and
parameters in that limit of steady filtration in this environment was then identified. A steady
cake-layer thickness was observed and because of the simple geometry afforded by uniform
spheres, the force balance, cake resistance, and filtration rate were derived from first
principles. The good fit of the data to the proposed mechanism, provides a firm basis for the

semi-quantitative analysis of the behavior of more complex suspensions.

Finally, in Chapter 4, a design methodology was imposed to maintain the TMP constant
throughout the whole sieving surface by introducing a flow chamber beneath and parallel to the
sieve’s main flow. Co-current filtration was found to allow the TMP to remain stable along the
membrane surface, enabling the entire sieve to perform optimally, and thus allowing greater
stable filtration rates to be achieved. Co-current flow conditions allowed for twice as much

filtration flux compared to a conventional CMF modality.
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Chapter 1

Introduction



This thesis is primarily focused on the contemporary medical problem of removing plasma from
blood with appropriate concern for therapeutic and physical constraints. An attractive approach,
that is taken here is microfiltration. Practical microfiltration was first attempted at the beginning
of the 20™ century using new recipes for synthetic microporous membranes based on cellulose.
In 1907, Bechhold * discovered, while filtering colloidal suspensions, that a flow parallel to such
a filter medium increased the amount of filtrate before the filter medium was blocked by
formation of a compact layer. His work was the first recognition of sheared filtration, an

essential element of crossflow microfiltration (CMF).

In CMF, the fluid to be filtered flows parallel to the membrane surface and permeates through
the membrane due to a pressure difference. The fluid dynamics of CMF reduce membrane
fouling by allowing removal of what is to be held back, the retentate, at a rate commensurate
with what is to be filtered, the permeate, (i.e. balancing retentate removal against a steady
filtration rates).2 However permeate flow typically declines due to membrane clogging.®
According to the frequently referenced Michaels' model,* an increase in applied pressure to
overcome clogging produces a temporary increase in flux, but brings more solute to the filtering
surface, increasing the hydraulic resistance to solvent flow, thereby reducing the flux to its
original level. A more rapid flow of feed solution across the membrane is beneficial, acting
'sweep' the surface, reducing retentate accumulation.®” Shear also inhibits adhesion of foulants
other than the principal retentate that can plug pores at the membrane surface.” Multiple analyses
of this situation are available and are summarized in the chapters of this thesis, but most of them
deal with macroscopic flow channels, while the goal of this work is to understand CMF in

microfluidic flows.



1.1 Crossflow Microfiltration in Blood Processing

Today, CMF is a standard operational mode in many medical membrane applications.®1° These
include blood plasma fractionation and purification,**° cellular analysis and separation,6-2:
circulating tumor cells isolation,?? concentration cell culture perfusion,?®2® washing of bacterial
cells,>25-30 Separation of plasma from flowing blood is a component of several therapies
currently under development.®32 High-flux plasma filtration in a microfluidic environment
could permit ambulatory separation of plasma from blood with a small wearable device. The
recent availability of photolithographically defined pore fields 3*% offers a well-defined barrier
with a low intrinsic membrane resistance that appears capable of separating plasma from
erythrocytes.*® Filtration through these pore fields of plasma from blood and of model polymer
spheres is addressed in this thesis, in particular as an adjunct to clinical hemodialysis where

simultaneous filtration and dialysis has proven troublesome.

1.2 The Problem with Current Dialysis and the Clinical Relevance of an Extracorporeal

Device

Hemodialysis is one of three renal replacement therapies (the other two being peritoneal dialysis
and kidney transplant) for end stage renal disease (ESRD) patients.>” Hemodialysis achieves the
extracorporeal removal of waste products (solutes) such as urea, creatinine, and many other
substances from the blood when the kidneys have failed. Water, the solvent for these substances,
cannot be removed by dialysis and must be removed by imposing a pressure gradient across the
dialysis membrane, that is by CMF. A substantial literature has arisen to suggest that
simultaneous dialysis of solutes by dialysis and solvent (water) are physiologically

inconsistent.38



The author's laboratory has proposed a wearable system for removing water outside the time
spent in dialysis. It consists of a two-step continuous process conducted whenever dialysis is not
being conducted, e.g. a wearable water-removal system, in which plasma is first obtained from
blood by CMF, then ultrafiltered to extract water (plus small molecules), and then returned to the
bloodstream. The wearable slow, continuous, extracorporeal filter would assist mainly in extra

water removal to maintain patients hemodynamically stable (euvolemia).

1.3 Crossflow Filtration Theory

The design of membrane separation processes, like all other processes, requires quantitative
expressions relating separation performance to material properties. The factors controlling the
performance of crossflow microfiltration are extensively reviewed.”3%-%2 There have been a
number of interesting approaches in this field.”**%* Most have been based on the rate limiting
effects of concentration polarization of colloids at the membrane surface.® Various rigorous,
empirical and intuitive models exist, which have been critically assessed in terms of their
predictive capability and applicability.>” However, these (macrofluidic) models fail to address
some critical factors associated with CMF of cells and particles from a microfluidic channel.

This is what motivated the work in Chapters 2 and 3 of this thesis.
1.4 The Problem of Macrofiltration in Microdevices

The fundamental problem in any continuous crossflow filtration system is keeping the filter clear
of the retentate, which is left behind, as the filtrate passes through. If, as usual, the feed passes in
shear flow over the filter, it must carry the retentate toward and through an exit port. Because the
transverse feed velocity at the filter surface is zero, the components of the retentate must be both

moved away from the filter surface and then be carried to an exit.3%4% All filtration theories seek



to describe how this occurs. If the retentate particles are small molecules, back diffusion into the
feed stream may suffice.>>" If the retentate particles are larger, Brownian diffusion of retentate
away from the surface will not be fast enough to sustain a reasonable filtration rate. Various
authors have postulated other mechanisms for removing retentate. 44244-4” One postulates
random interactions of particles with each other and the flowing stream causing a pseudo-
Brownian movement away from the filter surface.*® Others have postulated that a moving sludge
slides over the filter toward the feed exit.”*® All of these analyses presume that the retentate will
not induce fouling of the filter surface or its pores. When fouling occurs, temporal distinctions
are in order. The foulant may quickly passivate the filter surface with possible changes in its
filtration capacity, after which the system achieves a steady state performance level.
Alternatively, fouling may proceed slowly but steadily with the effect of limiting filter

performance time. In the worst case, fouling simply shuts the system down.

Microfiltration has different meanings, depending on the experimental conditions.
Microfiltration becomes palpably "micro™ when the retentate particles have characteristic
dimensions comparable to that of the flow channel. In this circumstance, the discrete nature of
the particles must be taken into account, and one may expect specific particle interactions with
the filter during shear flow. With particles as large as erythrocytes in a channel not much larger
than such particles, molecular diffusion is relatively unimportant and the mechanical interactions
among particle layers become dominant.*® For steady state to occur, particles cannot accumulate
at any given point. Thus, the forces which cause particles to enter a given voxel must be
compensated by the forces that allow them to exit. This has been the subject of considerable
investigations.” 414347 Considering all the details, the net effect must be that each voxel is kept in

the steady state by a combination of net axial movement and the tendency for the particles to



move outward due to particle interactions that overcome the forces that brought them to the

membrane.3%40

While the above cited studies have provided important contributions to particle motion in
crossflow filtration (mostly macrofiltration), they do not translate well to filtration of soft
particles in microfluidic systems, particularly under conditions that allow separation of plasma
from whole blood. In this thesis, we have described a largely unrecognized mechanism that

allows steady state filtration in the presence of substantial cell layering.
1.5 Contribution of this Thesis

The standard approach has been to use pressure during dialysis to superimpose ultrafiltration on
top of true dialysis concentration difference. Fluid removal (ultrafiltration) is achieved by
altering the hydrostatic pressure of the dialysate compartment, causing free water and some

dissolved solutes to move across the membrane along a created pressure gradient.

Unfortunately, there can be undesirable interactions by using pressure to remove a large volume
of water during the course of dialysis.® There exists a physiological reflex, whereby a rapid
reduction in blood volume (blood pressure), increases total peripheral resistance, shutting down
perfusion of the muscles which contain large amounts of toxins. Therefore, if ultrafiltration is
accomplished quickly only during dialysis, it will impede dialysis by effectively hiding the

toxins in the muscles.

Thus, there are strong incentives to maintain the expensive, sophisticated, and well supervised
(by nephrologists) dialysis system, but relieving the encumbering requirement to remove the
large volume of water.>® The total effort in which the author’s laboratory was engaged, addressed
this important issue. The issue is not simple; it involves a way of effectively implementing a

6



better solution between dialysis to remove fluid overload — which suggests a small portable
filtration device. The work of this thesis was directed to solving a large number of problems

associated with this motif.

This thesis contributes knowledge which would enable water to be ultrafiltered, not dialyzed,
steadily between treatment to present the physician in the clinic with a more euvolemic patient,
but still very challenging dialysis. After there were great hope in the laboratory for the use of a
two-stage procedure, perfecting this water removal involved a filter which would allow the
production of a cell free (plasma) fraction from whole blood. This plasma filtrate could then be

heavily ultrafiltered through a classical microporous membrane with far less clotting concerns.

The work in this thesis is directed toward understanding the first-step separation process,
identifying the different issues that are involved in making that kind of filtrate. Consequently,
there were fundamental issues and mechanistic issues that arose as the project evolved, which
were addressed in this thesis. We have analyzed and considered the combined effects of
crossflow microfiltration of deformable (chapter 2) and non-deformable (chapter 3) suspensions
in a microchannel through a thin, low intrinsic resistance, uniformly pored microsieve. We have
also identified a new approach to how, in general, one would filter plasma from blood using
microporous membranes. We found the difficulties that may be involved and the methodology

which regulates the filtration (chapter 4) to allow stable steady state filtration to be achieved.

In Chapter 2, we study the microfiltration of flowing blood in a microchannel through a semi-
conductor microsieve.3* Experiments were undertaken with the further aim of obtaining a clearer
understanding of deformable particle behavior during filtration so as to enable one to predict

plasma extraction from whole blood for a given set of fluidic and filter parameters. We report



filtration rates through these filters and describe a largely unrecognized mechanism that allows

stable filtration in the presence of substantial cell layering.

In Chapter 3, we present a new model based on shear-resistant particle immobilization on the
filter surface. Microfluidic cross-flow filtration experiments demonstrate a non-negligible bed of
particles building up on a filter surface.>°2 The layer affects not only the filtrate flux, but also
the through flow of retentate.>*>* The buildup of particles is rapid, and does not depend upon
fouling reactions with the filter surface.>®>° The model predicts filtration rates when the
mechanical interactions among particles, the suspending fluid, and the filtering surface jointly
control layer thickness and thus filtration. This model is shown to be in good agreement with

experimental data obtained from isometric polymer beads chosen for ease of analysis.

And finally, in chapter 4, we introduced a carefully designed flow channel on the permeate side
beneath the membrane which permits the pressure on the permeate side of the membrane to
decrease along the length of the membrane, and thereby lead to a constant TMP (cTMP) along
the membrane. This modality allows for the entire membrane to be used at a pressure below that
leading to erythrocyte fouling (critical flux),%” allowing up to twice as much filtration over that of

the naive configuration employed in Chapter 2.
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0. Abstract

Crossflow microfiltration of plasma from blood through microsieves in a microchannel is
potentially useful in many biomedical applications, including clinically as a wearable water
removal device under development by the authors. We report experiments that correlate filtration
rates, transmembrane pressures (TMP) and shear rates during filtration through a microscopically
high channel bounded by a low intrinsic resistance photolithographically-produced porous
semiconductor membrane. These experiments allowed observation of erythrocyte behavior at the
filtering surface and showed how their unique deformability properties dominated filtration
resistance. At low filtration rates (corresponding to low TMP), they rolled along the filter
surface, but at higher filtration rates (corresponding to higher TMP), they anchored themselves to
the filter membrane, forming a self-assembled, incomplete monolayer. The incompleteness of the
layer was an essential feature of the monolayer’s ability to support sustainable filtration.
Maximum steady-state filtration flux was a function of wall shear rate, as predicted by
conventional crossflow filtration theory, but, contrary to theories based on convective diffusion,
showed weak dependence of filtration on erythrocyte concentration. Post-filtration scanning
electron micrographs revealed significant capture and deformation of erythrocytes in all filter
pores in the range 0.25 to 2 um diameter. We report filtration rates through these filters and
describe a largely unrecognized mechanism that allows stable filtration in the presence of

substantial cell layers.
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1. Introduction

Crossflow microfiltration is a standard operational mode in many medical and technical
membrane applications.’® These include blood plasma fractionation and purification,*® cellular
analysis and separation,®* circulating tumor cells isolation,* concentration cell culture
perfusion,'®-18 washing of bacterial cells,3%2 as well as waste water and buffer purification.?*?
Continuous separation of plasma from flowing blood can be accomplished by microfiltration,?6-28
which is of special interest to the authors.1®1%2%-3! High-flux plasma filtration in a microfluidic
environment could permit ambulatory separation of plasma from blood with a small wearable
device. The recent availability of photolithographically defined pore fields 3232 offers a well-
defined barrier with a low intrinsic membrane resistance that can separate citrated plasma from

erythrocytes.®* It is the filtration medium addressed in this work.
1.1 Microfiltration Theory in Microdevices

The fundamental problem in any continuous crossflow filtration system is keeping the filter clear
of the retentate which is left behind as the filtrate passes through. If, as usual, the feed passes in
shear flow over the filter, it must carry the retentate toward and through an exit port. Because the
transverse feed velocity at the filter surface is zero, the components of the retentate must be both
moved away from the filter surface and then be carried to an exit.3>3 All filtration theories seek
to describe how this occurs. If the retentate particles are small molecules, back diffusion into the
feed stream may suffice.’ If the retentate particles are larger, Brownian diffusion of retentate
away from the surface will not be fast enough to sustain a reasonable filtration rate. Various
authors have postulated other mechanisms for removing retentate.*'**® One postulates random

interactions of particles with each other and the flowing stream causing a pseudo-Brownian
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movement away from the filter surface.*’ Others have postulated that a moving sludge slides
over the filter toward the feed exit.*>*® All of these analyses presume (and hope) that the
retentate will not "foul™ the filter surface and its pores. When fouling occurs, temporal
distinctions are in order. The foulant may quickly passivate the filter surface with possible
changes in its filtration capacity, after which the system achieves a steady-state performance
level. Alternatively, fouling may proceed slowly but steadily with the effect of limiting filter

performance time. In the worst case, fouling simply shuts the system down.

Microfiltration has different meanings, depending on the experimental conditions.
Microfiltration becomes palpably "micro™ when the retentate particles have characteristic
dimensions comparable to that of the flow channel. In this circumstance, the discrete nature of
the particles must be taken into account, and one may expect specific particle interactions with
the filter during shear flow. With particles as large as erythrocytes in a channel not much larger
than such particles, molecular diffusion is relatively unimportant and the mechanical interactions
amongst particle layers become dominant.*® For steady state to occur particles cannot accumulate
at any given point. Thus, the forces which cause particles to enter a given voxel must be
compensated by the forces that allow them to exit. This has been the subject of considerable
inquiry.?044-4648 Considering all the details, the net effect must be that each voxel is kept in the
steady state by a combination of net axial movement and the tendency for the particles to move
outward due to particle interactions that overcome the forces that brought them to the

membrane.3°36

While the above cited studies have provided important contributions to particle motion in
crossflow filtration (mostly macrofiltration), they do not translate well to filtration of soft

particles in microfluidic systems, particularly under conditions that allow separation of plasma
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from whole blood. Thus, the purpose of the present work is to measure the microfiltration of
flowing blood in a microchannel through a recently introduced semi-conductor microsieve.?
Experiments were undertaken with the further aim of obtaining a clearer understanding of

deformable particle behavior during filtration so as to enable one to predict plasma extraction

from whole blood for a given set of fluidic and filter parameters.
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2. Materials & Methods

2.1 Preparation of the Microsieve

All microsieves were purchased from Aquamarijn Microfiltration BV (Zutphen, Netherlands) as
500 um thick, 5x5 or 10x20 mm? silicon microsieves.>>>! The controlling flow resistance of the
sieves is a thin (<1 um thick) layer of silicon nitride with available pore sizes of 0.25, 0.45, 0.6,
0.8, or 1.2 um (Figure 1). The perforated layer is deposited on one face of the silicon backing.
The perforations are arranged in circles (membrane fields) 300 um in diameter behind which are
weep holes in the silicon support that allow filtrate to exit from its opposite side (fig. 1.c).
Different pore densities (10-19 million pores/sieve) and shapes (uniform circular holes or 0.6 x
2.0 um slits) were also studied (fig. 1.b). Each sieve was exposed to plasma cleaning (PDC-001-
HP (115V) - Harrick Plasma, Inc, Ithaca, NY) for 3 minutes at 45W (high power setting) before
assembly in order to remove surface contamination and render the surface hydrophilic (contact
angle <5°) to facilitate wetting. Contact angle measurements were acquired with a contact angle

goniometer (Model 200 - Ramé-Hart Instrument, Inc, Succasunna, NJ).

a. C.1um 4
10x20 mm? Microsieve
b. 500
- ' ; _4 pm 3
025um 0.6 um 0.6 X 2 pm kh L

45,000x 40,000x 25,000x
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Figure 1: a) Macroscopic image of Microsieve. b) Scanning electron micrographs of
microsieves with diverse pore sizes and geometries (top view), pore size depicted under each
corresponding micrograph. ¢) Cross-sectional schematic of microsieve beneath a weep hole with

the thin perforated SizN4 (<1 pum) layer over the 500 pum thick silicon support.

2.2 Preparation of Blood Suspensions

Discarded packed, citrated human erythrocytes and plasma from the Columbia University
Medical Center blood bank were used. Blood was reconstituted at varying hematocrits (1-33%).
Because the blood components were outdated they could be expected to have undergone some
deterioration. Erythrocytes were purged of cell fragments by 3 washes with Phosphate-buffered
Saline (PBS) each followed by centrifugation (1000g — 15 min). The final cell layer was
reconstituted with plasma that had been filtered through a 0.2 um Millex® Syringe Filter to the

desired final hematocrit.

2.3 Microfluidic Filtration Module

The filtration module consisted of three layers and three ports, as shown in Figure 2. The bottom
layer contained the filtrate (efflux) port. The top layer contained the blood inlet and outlet. The
middle layer separated the feed from the filtrate and contained the microsieve, mounted in a 0.5
mm thick frame that had been laser-cut from plastic shim-stock (Artus, Englewood, NJ). The
microsieve was cemented in place with 5-Minute Instant Mix™ Epoxy (Loctite®, Inc). The
height of the microfluidic feed (blood) and filtrate channels were defined by 200 pum double-
sided tape (ATG type 928 double-sided transfer tape 3M, Minneapolis). The components were

designed and were then cut to size by a laser cutter (Versa Laser, Scottsdale, AZ).
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Figure 2: a) Layout of the microfluidic device. b) Semi-assembled device. c) Crossflow

Blood in Plasma flow outlet Blood out

C.

N Filter

Plasma out

schematics - blood channel layer. Channel dimensions: Length (L) = 3 cm, Width (W)= 9 mm,
Height (H)= 200 um. (The actual channel height was confirmed by water pressure-flow

measurements — see text, Section 2.6).

The three ports were designated P, P2, and Ps (Figure 3). Port 2 was connected to a feed
reservoir containing either filtered saline or reconstituted blood. Permeate, the portion of liquid
feed passing through the filter, flowed from P to P3, into a 20 mL syringe whose rate of filling
was controlled by a syringe pump (Legato 210p — KD Scientific, Holliston, MA). The remainder
of the suspension (i.e. retentate) flowed out of the microchannel through P1 into a 60 mL syringe
whose rate of filling was controlled by a similar syringe pump (Legato 111 — KD Scientific,
Holliston, MA). Shear rates in the device were varied from 2000-9000s*. Filtration rates and

transmembrane pressures (TMP) were measured at chosen shear rates.
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Figure 3: System arrangement including location of the pressure sensors: Blood in (P2), Blood

out (P1), and Plasma out (P3).
2.4 Pressure and Transmembrane Pressure (TMP) Measurements

Liquid to and from each port of the microfluidic device flowed through a pressure sensor

(Utah Medical Products, Inc) connected to a data acquisition card (National Instruments cDAQ-
9172, TX) that recorded each pressure history via a LabView module (National Instruments
9237, TX) (Figure 3). The transmembrane pressure (TMP) profile was computed continuously
from the three pressure readings, assuming a linear variation of fluid pressure with axial distance

along the channel. The LabView program used Equation 2.1:%
1 1
TMP:<P2_E(P2_P1)>_P3:<P2_E(AP)>_P3 Equationz.l

The dimensions shown in Figure 2 were used to estimate the average pressure directly above the

filter surface.
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2.5 Permeability of Microsieve

Prior to experiments, the intrinsic permeability of the filter was established by filtering particle-
free water through the assembly. The sieves were considered to be wetted and fully open if the
relationship between TMP and filtration rate was linear with a slope corresponding to the
resistance of each sieve design and pore geometry, Ry, (Appendix 6.1). Ry, may be calculated

experimentally as described above or from an adapted form of the Hagen—Poiseuille equation

where R = % for each pore divided by the number of pores per sieve.>

2.6 Microchannel Height

The thickness of the microchannel varied each time the apparatus was assembled, and had to be
accurately calculated each time. By measuring the change in pressure for various through-flow
rates for a fluid of known viscosity (i.e. microfiltered water), the half thickness (B) of the

channel was calculated using the equation for laminar flow in a narrow slit solved for B:>2

[EN

3ulL

AP
2 f—

QOm

B = Equation 2.2

w

The flow was assumed to be Newtonian, laminar, and fully developed, where Qnm is the
volumetric flow rate, AP is the difference in pressure between inlet and outlet, W and L are the

width and length of the channel, respectively, and x is the viscosity of the fluid.>2
2.7 Shear Rate and Shear Stress at the Wall

The shear stress exerted at the flow boundaries, zy can be calculated by balancing the shear force

at the wall against the pressure gradient for a slit channel.>?
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3
Ty = % Equation 2.3

Shear rates (y = Z—Z) at the wall are found as the shear stress (z,,) divided by the viscosity:

T 30 .
Yw = M—‘: = ﬁ Equation 2.4

2.8 Post-experiment Sample Preparation

The maximum observable steady-state filtration rate was of special interest to the authors. When
it was realized, an effort was made to fix the cells adherent to the surface. The system was
quickly chased with PBS followed by 2% glutaraldehyde solution for 10 min (all at the same
shear rate), according to Wayland’s protocol.>® This procedure was intended to fix adherent cells
in place to allow one to investigate the behavior of erythrocyte interactions with the filtering

surface as it occurred during filtration. Scanning electron micrographs were then acquired.
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3. Results & Discussion

The effect of the high deformability of erythrocytes was seen throughout this work (Figure 6). At
steady state, a significant increase in resistance to filtration was seen for all media studied
regardless of pore size and shape (Section 3.2). We attribute this resistance to a stationary
monolayer of erythrocytes which forms on the filter surface anchoring themselves by extension
into the pores during filtration (Section 3.1, Figure 5). It appears that with the formation of this
monolayer, the filtration resistance becomes primarily dependent on the anchored layer which,
however, is seen to be incomplete (Figures 7 and 8). That there is any steady state filtration

depends on the incompleteness of this erythrocyte monolayer.

The inflowing erythrocyte concentration (hematocrit) does not affect steady state permeation
rates; it affects only their rate of approach to steady state (Figure 8). This incomplete layer
appears to prevent further cell adherence to the sieving surface (Section 3.1). High shear flows
thus appear to prevent formation of multilayers, allowing steady state filtration to be achieved

(Section 3.1).
3.1 Erythrocyte Deformation during Filtration

Typical mature human erythrocytes are flexible, ovoid biconcave disks: flattened and depressed
in the center, with a dumbbell-shaped cross section, and a torus-shaped rim on the edge of the
disk >* (Figure 4.a). Erythrocytes possess a disk diameter of approximately 6.2—8.2 um and a
thickness at the thickest point of 2-2.5 pm and a minimum thickness in the center of 0.8-1
um.>>%¢ Overall, erythrocytes are remarkably flexible and deformable. Circulating tumor cells
have also been shown to be as deformable as erythrocytes.>” This deformability renders unique

separation challenges by means of microfiltration in microdevices.
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Observation of the membrane surface subsequent to filtration shows the presence of erythrocytes

that have deformed and anchored themselves into filter pores. (Figs. 4.b, 6)

Figure 4: a) Scanning electron micrograph of a single erythrocyte on a 0.45um microsieve
retaining its biconcave shape once filtration was stopped. b) 3D enhancement with WXsM
software 58 of an atomic force micrograph of a single erythrocyte, fixed with 2% glutaraldehyde,

on a 0.8um microsieve entrapped because of filtration (high TMP).

While the opacity of blood prevented direct observation of the filter surface during filtration,
post-filtration observation revealed that numerous erythrocytes adhere to the pored sections of
the filter surface, but not to any surrounding un-pored area (Figure 5). The buildup of particles
appears to require particle deformation, a high filtration rate and correspondingly high
transmembrane pressure (TMP), consistent with erythrocytes mechanically anchoring into the

pores during filtration. It does not appear to depend upon reaction with the filter surface.
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Figure 5: Scanning electron micrograph of SisN4 Microsieve with 300 um round Membrane
Fields (with 0.25um pores) packed with “deformed’ erythrocytes solely at pored regions,
indicating that erythrocytes are not chemically bound to SisN4, but mechanically anchored
within the pores. Measurement were made at maximum flux and high shear rate (0.35cm/min at
8000s™). Images acquired after chasing the system with 2% glutaraldehyde solution at maximum
filtrate rate. Thus, the cellular behavior shown should closely approximate that during stable

filtration. Magnification: 120X (L), 400X (M), 1900X (R).

When a sufficiently large fraction of the pores is blocked by anchored erythrocytes, there will be
insufficient open area for additional erythrocytes to approach and anchor into the remaining open
pores. Thus, a subpopulation of anchored cells prevents the remainder from being blocked and

allows stable, steady-state filtration. The erythrocyte monolayer not only hinders filtrate flux but

appears to provide a protected surface that allows steady state plasma filtration.

14, @88
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Figure 6: Scanning electron micrograph of a deformed erythrocyte that was drawn into the
pores (0.25um pores) during filtration and released once filtration was stopped. a) Fragment
scanned at 14000X. b) Top view of the pillars. 3D enhancement with WXsM software.>® ¢) 3D

enhancement of b, 55° view.

The percentage of pores blocked at steady state may be estimated by comparing the membrane
resistance seen during filtration of filtered plasma to the steady rate of erythrocyte filtration. The
latter resistance is approximately 10 times greater, suggesting that only about 10% of the pores

remain open.

We postulate that this phenomenon occurs unrecognized in essentially all microfluidic devices
filtering deformable particles (e.g. erythrocytes, circulating tumor cells). It is crucial that one
accounts for its occurrence where it may prevent or, as in our case, proactively form a self-

assembled biocompatible surface coating.
3.2 Quantifying the Filtration Resistance

The total filtration resistance results from contributions of the sieve and any buildup of particles:

__ AP TMP

Rh=—= — Equation 3.1
t Q; Q; q

Absent a cell layer, the filtration rate (Qr) is determined by the transmembrane pressure (AP) and
the intrinsic resistance of the sieve, quantified by filtering ultra-filtered water (Appendix: Table

1).

Figure 7 depicts the total resistance, Rt (TMP/Q), attained from Equation 3.1 using experimental

measurements of TMP at the maximum stable filtration rate (Qs) for various shear rates, and for
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sieves of various porosity and pore geometry (Appendix: Table 2). Since pressure in a
microchannel must decrease in the direction of flow, and pressure on the permeate side of a
crossflow membrane is uniform, the TMP must decrease in the direction of suspension

flow. This causes the maximum TMP experienced along the membrane to occur at its leading
edge. If this TMP is sufficiently high, erythrocytes would be irreversibly squeezed into the
membrane pores near the leading edge, causing a larger, possibly complete coverage by

erythrocytes. This was directly observed on similar microsieves to be reported in a forth coming

paper.

In all cases, the total resistance (~33 torr/ml/min) was at least an order of magnitude greater than
the sieve resistance (Appendix: Table 1), indicating that the total resistance was due primarily to
a build-up of particles that blocked many pores on the sieve. Using different geometries and
pore sizes did not lead to significantly different results. Pores ranging in size from 250 nm to
1200 nm produced about the same resistance to filtration. Even though there was approximately
double the open area on the bare filter when the pores were slits in place of round holes, filtration
rates were very nearly equivalent, suggesting that the total resistance at steady state is dominated
by the build-up of particles, and that this build-up is independent of pore size, shape, and

number.
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Figure 7: Experimental measurement of total resistance due to filtration and erythrocyte
accumulation at the sieve surface. Filtration rate is directly proportional to shear rate. As can be
seen, the maximum filtration rate at steady state is nearly the same irrespective of the pore

geometry and the fraction of sieve open area.

The starting erythrocyte concentration (hematocrit) did not affect permeation (Figure 8) with the
initial particle concentration appearing to affect the time to reach steady state but not the steady
state resistance. By observing the TMP as filtration was taking place, one could visually see the
TMP slowly oscillating and curving up toward steady state (Appendix Fig. 10). Once steady state
was reached, the TMP no longer fluctuated. At higher hematocrits (45%) steady state was
reached within 4-5 seconds; at lower concentrations (1%) up to 3 minutes were needed to
achieve steady state at the same filtration rate. There was no effect of particle concentration on
the steady states, and the transitions from one steady state to another were prompt and quicker at

higher hematocrits.
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Figure 8: The effect of hematocrit on sieve performance is not present. Contrary to classical

theory, higher solute concentration was not observed to have an effect on filtration rate.

These observations are consistent with the observed effect of initial erythrocyte concentration on
the build-up of filtrate resistance. The lower the erythrocyte concentration, the fewer the cells
available to plug pores as filtration ensues. Once the base erythrocyte layer is formed, the system

resistance is set and is hematocrit independent (Figures 8 and 9).

The observation that steady state crossflow filtration of erythrocytes cannot be achieved if the
TMP exceeds a “critical” value may be explained in either of two ways. Either TMP forces
erythrocytes into the residual open space on the membrane surface, thereby blocking all
remaining open pores, or it causes particle convection to the surface to exceed the ability of fluid
forces to remove them, leading to an erythrocyte cake with zero void fraction. In this work, there
seems to be substantial evidence leading toward the former, rather than latter conclusion. We

conclude that the erythrocyte layer serves as an intrinsic endothelial surface that prevents
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additional layering. The stable layer appears to reduce but not fully prevent plasma passage with

retentate easily removed by convective diffusion above the entrapping cell layer.
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4. Conclusion

The practical removal of plasma from suspended erythrocytes by filtration, using a thin silicon
nitride layer photolithographically patterned with micron-sized pores was studied, with particular
attention to the known hyper-flexibility of normal erythrocytes. Fouling was insensitive to pore
shape and size, very sensitive to trans-filter pressure drop and surface shear rate, and remarkably
insensitive to erythrocyte concentration (hematocrit). ‘Fingering’ of erythrocyte pseudopods into
the membrane pores was directly imaged. Notwithstanding these phenomena, stable operating
conditions were found, with a particular filter cake structure not previously described: trapped
erythrocytes routinely forming an incomplete random layer that incompletely masked pores but
prevented further obstruction of the pore field, thus yielding an indefinitely long-lived, stable
filtering surface. In systems where trans-membrane pressure was allowed to change strongly
with axial position, a “‘marching’ increase in filter resistance with time was seen and attributed to

slow augmentation of cellular adhesion growing from the blood inlet.
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6. Appendix

6.1 Nomenclature

B Half height of the channel (m)

J Permeate flux (m/s)

L Channel Length (m)

W Channel width (m)

AP Pressure drop across the channel (torr)

QF Volumetric flowrate of the permeate (i.e. Filtration rate) (cm®min)
Qm Volumetric flowrate in main channel (cm®min)
TMP  Transmembrane pressure (torr)

a Particle radius (m)

dp Particle diameter

An  Membrane area (m?)

No number of pores per membrane

n number of open pores per membrane

FL Lift force (N)

Fvow Van der Waals force (N)
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h Distance between the particle center and the membrane surface (cm)
J Filtrate flux (cm®cm?-min)

KL Dimensionless constant in lift force

P Local hydrostatic pressure (torr)

P1 Outlet pressure (torr)

P2 Inlet pressure (torr)

P3 Filtrate pressure (torr)

Mp Mass of particles in the cake (kg)

Rm Resistance of membrane

RL Resistance of erythrocyte monolayer

Rc Resistance of cake layer

Greek symbols

o Specific resistance of cake deposit
e Fractional voidage of cake deposit
p fluid density (kg/m?®)

Yw Nominal wall shear rate (1/5)
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Tw Wall shear stress

Pp Particle density

n Viscosity of the media

Hw Viscosity of pure water

6.2 Supporting Data

Sieve Pore Design (um) Membrane Resistance (torrxminute/cm?®)

0.25 round 3.39+0.1
0.6 round 1.39+0.1
0.6 x 2.0 slits 0.38 +0.05

Table 1: Intrinsic resistance (Rm) of each membrane.
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Figure 9: Maximum filtration rate is linearly dependent on shear rate (2000 - 8000 s),

however, independent of solute concentration (hematocrit) at each shear rate.

Shear Rate (s) Flux (cm®/cm?-min) at sub-critical TMP
2000 0.086 + 0.01 at 4 torr 0.104 £0.01at5torr 0.095+0.01 at4.7 torr
4000 0.177 +0.01 at 10 torr 0.186+£0.01 at11ltorr 0.190+0.01 at 11 torr
6000 0.272 +£0.02 at 18 torr 0.272+0.02 at18torr 0.300 + 0.02 at 20 torr
8000 0.363 + 0.02 at 25 torr 0.363+0.01 at26 torr 0.354 +0.02 at 25 torr
Sieve Pore Design 0.25 pm round 0.6 um round 0.6 x 2.0 um slit

Table 2: Calculated fluxes (J = Q¢/A, ) for each pore geometry. Q; represents maximum

filtration rate at its corresponding shear rate, and Am corresponds to the sieving area of 2.2 cm?,
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Figure 10: Transmembrane pressure profile: Initial rising slope represents the time to reach
steady state (section A). Plateau represents stable filtration under subcritical TMP (section B).
Steep rising represents unstable filtration with cellular accumulation and jamming of the

filtering membrane when filtrate rate was increased above critical TMP (section C). TMP drops

back to 0 torr when filtrate pump is stopped (at 560s).
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0. Abstract

Cross-flow filtration of fine suspensions through microsieves occurs in microprocessing. The
interaction of particles with surfaces in microenvironments has been extensively studied, but
predominantly in monolayers and not with an eye to microfiltration. Here we introduce a
microfiltration model that pertains to particles that might be seen as fine in a macroscopic
environment, but are large enough to intrude significantly into the shear layer of a microchannel.
Thus, particle accumulation upon the sieve couples the steady-state filtrate flux and the
suspension flow through the microchannel that feeds the sieve. We envision and create a stable,
stationary multilayer of particles whose thickness is shear-limited and we identify and verify the

structure and parameters that limit steady filtration in this environment.

At first a packed bed of particles forms, growing into and regulated by the microchannel’s shear
flow. A critical shear stress is shown to determine the thickness of the bed, seen as a stationary
and stable multilayer of particles through which filtration may occur. As the bed thickens, at the
expense of channel area for suspension flow, surface shear stress increases until no further
particle adherence is possible. We built a simple example using hard non-interacting polymer
microspheres and conducted cross-flow filtration experiments over Aquamarijn™ microsieves
(uniform pore size of 0.8 um). We observed a steady cake-layer thickness and because of the
simple geometry afforded by uniform spheres, we could approximate the force balance, cake
resistance, and filtration rate from first principles. The good fit of our data to the proposed
mechanism lays a firm basis for the semi-quantitative analysis of the behavior of more complex

suspensions.
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1. Introduction

Recently, widespread interest in process intensification has stimulated research into applications
of microfluidics for general chemical processing. Cross-flow filtration is a well-established
technique that has been employed for decades to continuously separate solid-liquid mixtures.
While the difficulty of microfluidic solid-liquid separations has been noted,%* there are
numerous applications in this environment that could benefit from cross-flow filtration.> It has
been successfully employed for bacterial and yeast cell harvesting,21! as plasmapheresis for
separating plasma from whole blood,123 for isolating macroscopic quantities of blood
components for therapeutic purposes,1*1> and for non-biological applications such as waste water
recycling and latex separation.t8Z All of these lead to a filter cake!® comparable in size to the

dimensions of the feed channel.

Despite their potential for widespread industrial and clinical use,>22 previous models?-22 for
predicting filtrate flux are, in the microfluidic environment, inadequate for explaining
experimental observations. Analysis of cross-flow filtration is based on the concept of a stable
resistance above that offered by the filter itself,2 seen as a balance between particles carried to
the filter by convection, and opposed by random particle motion expressed as a diffusion-like
mechanism.2 The theory is based on the concept that steady state filtration is possible only when
buildup and removal rates are equal, the classical concentration polarization theory.222% We have
found that this theory neither depicts nor explains what is happening in a microchannel, whether

filtrating water from spherical particles in aqueous suspension or plasma from red cell

[y

suspensions,1226:30:31
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With particles that approach the channel size, diffusion is relatively unimportant, and the
mechanical interaction of the superficial particle layer with the main flow determines a stationary
and stable layer.2232 Convective diffusion is important only initially, in forming the layer.
Particle movements across the cake surface will be directly dependent on the shear rate and
permeate flux, as observed and modeled by Knutsen and Davis for both yeast cells and latex

microspheres.2

In this paper, we present a new model based on shear-resistant particle immobilization on the
filter surface. Microfluidic cross-flow filtration experiments demonstrate a non-negligible bed of
particles building up on a filter surface.222 The layer affects not only the filtrate flux, but also
the through flow of retentate.”2%-38 The buildup of particles is rapid, and does not depend upon
fouling reactions with the filter surface.Z22 The model predicts filtration rates when the
mechanical interactions among particles, the suspending fluid, and the filtering surface jointly
control layer thickness and thus filtration. This model is shown to be in good agreement with

experimental data obtained from isometric polymer beads chosen for ease of analysis.
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2. Theory

Filter layers appropriate to microfluidic environments are thin, strong, and highly conductive.
Resistance to filtrate flow occurs through a layer of rejected particles; and the resistance of the
filter itself is unlikely to control filtrate flow. To simplify the analysis and anticipate
corroborating experiments, we begin by assuming that the particle layer to be comprised of hard
spheres, all of the same diameter and arranged in multiple layers within the overall filter layer.

We assume no adhesive interactions.

When the filter pores have diameters not much less than the spheres above the pores, it is
possible for the spheres to be held in place by the pressure differential across the filter. This
immobilization will serve to block a certain fraction of the pores, generally less than unity, to a
degree that depends on relative diameters, pore spacing, and how the spheres are entrapped.
While the net effect of direct pore blockage is to decrease the filter permeability by the fraction
of pores blocked, useful filtration often occurs in the presence of a complete particle layer.
Uniform spheres will, if randomly layered on a surface until it is “jammed”, occupy at their
equators 74.77% of the surface (90.69% if in ordered triangular packing). Either way, a layer of
spheres leaves room for exposed filter surface because the contact area with the filter is less than

the equatorial area to which the given figures apply.

Additional particles may be expected to accumulate over a base layer thus forming a stable,
multilayer bed over the filter.22 A force balance on the layer in contact with the main flow in the
microfluidic channel determines the thickness of the aggregate layer. As the overall layer
thickens, the channel height remaining for the main flow decreases, and the shear stress on the

particle layer increases. The steady channel height is that at which the bed is just able to exert a
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retaining force on a particle at the interface that is equal to the shear stress imposed on the
particle by the main flow. This balance is of interest in microfluidic channels where intrusion of

the particle bed into the flow channel is likely to be important.

We predict the critical shear stress, based on the geometry of an ideal isometric spherical particle
bed and the filtration rate through the aggregate layer. As shown in Figure 1, components of the
vertical and horizontal forces, Fy and F, respectively, on a particle held incipiently at the top of

the packed bed at an angle of repose a will be equal and opposite. Thus:

F,cosa = F,sina Equation 2.1

Figure 1: Forces affecting buildup of particles, where Fu is the shear force exerted by the main

flow and Fy is the drag force of the filtrate flow.

Previously, White obtained an empirical expression for the horizontal force Fn, based on studies

of erosion of sand beds:28

_ 2
Fh=34D,7 Equation 2.2

50



where Dy is the average particle diameter and 7 is the shear stress at the top of the bed of

particles. We define this stresss as the critical shear stress (zc), so that:

_ 2
Fr=34D,z, Equation 2.3

An expression for the vertical force on the particle bed, Fy, may be developed from the Blake-

Kozeny equation for flow through packed columns:

_ Ay
PO I:)L :150/’1\/2 (1 i)
Dp £

Equation 2.4

where Pg and P are the pressures at the top and bottom of the packed column, respectively, u is
the fluid viscosity, vo is the fluid superficial velocity, and ¢ is the void fraction of the bed.

Assuming this pressure drop to develop uniformly in the direction of the flow, one obtains:

_~)\2
B _ g ()

Equation 2.5

The pressure on the surface of any particle at the top of the bed as a function of position along
that particle may be found by describing the particle in spherical coordinates as shown in Figure

2.

Figure 2: Transformation to spherical coordinates, where R =D, /2.
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z =R cos 6, and thus dz = —R sin 6 df. Equation 2.5 then is transformed into:

dp _ 75 (1-¢)? .
a0 =, Hvy —— sin 6 Equation 2.6

Integrating the resulting ordinary differential equation gives:

f:)dp :;_5 a- 8) f sinfdf =>p(0) =p, + 75/“70 (1 e)
14

cosf —1 Equation 2.7

where po is the pressure at the top of the bed, and 4 is an angle measured from a line
perpendicular to the plane of the filter and passing through the center of a particle at the fluid
surface. The vertical component of the corresponding normal force may be integrated over the

entire surface of the particle to find the total vertical force on that particle:

(1 8)2

E, —f f(pcosH)stmedefp—257r/1v0D

Equation 2.8

When the two expressions for Fn and Fy are substituted into the force balance, the critical stress

7 IS found to be:

_23uwo (1-e? 8)2

c ——tana Equation 2.9
Dp

For a particle held incipiently at the top of the bed, the critical stress varies with the fluid
viscosity, the fluid superficial velocity (which by mass balance must equal the filtrate flux), the
packing angle, o (Fig. 1), the particle diameter, and the bed porosity. Since fluid viscosity,
particle diameter, and packing angle are typically constant for a given system, and the bed
porosity will generally be within a narrow range, one expects the critical shear stress to be
directly proportional to the filtrate flux. The experiments described below verify this

dependence.
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3. Materials and Methods

3.1 Preparation of the Microsieve

All microsieves were purchased from Aquamarijn, BV, Zutphen, Netherlands as 5mm by 5mm
silicon nitride microsieves with a uniform pore size of 0.8 um and a thickness of 700 um. The
controlling flow resistance of the sieves is a layer of silicon nitride approximately 1 um thick.
The perforations are arranged in circles approximately 300 um in diameter behind which are
weep holes that allow filtrate to exit from the opposite side of the sieve. It is necessary to ‘wet
out’ the filter to overcome its hydrophobicity. Each sieve was exposed to plasma cleaning
(PDC-001-HP (115V) - Harrick Plasma, Inc, Ithaca, NY) at approximately 200 mTorr for 3
minutes at 45W (high power setting) before assembly in order to remove surface contamination
and render the surface hydrophilic (contact angle <5°) to facilitate wetting. Contact angle
measurements were acquired with a contact angle goniometer (Model 200 - Ramé-Hart

Instrument, Inc, Succasunna, NJ).

3.2 Preparation of 5% w/w Bead Suspensions

Latex microspheres suspensions of two separate diameters (3.2 um and 7.9 pum) were purchased
from Thermo Scientific at 10% w/w concentration. All experiments were conducted with one or
the other of these suspensions. The spheres were diluted to 5% w/w with deionized (DI) water
and stored at room temperature. Immediately prior to each experiment, the solution was gently
inverted to re-suspend the microspheres and was then exposed to a sonicator (Branson 2510,

Danbury, CT) for 1 minute in order to dislodge bubbles and break up loose agglomerates.
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3.3 Microfluidic Filter Body

The filter body consisted of three layers and three ports, as shown in Figure 3. The bottom metal
layer contained the microsieve, mounted in a frame 0.5 mm thick that had been cut from plastic
shim-stock (Artus, Englewood, NJ) using cyanoacrylate adhesive (Devcon, Inc). The middle
layer was an open frame cut from 200 um double-sided tape (ATG type 928 double-sided
transfer tape 3M, Minneapolis). The top layer was a clear cover cut from 3 mm polycarbonate
sheet stock (McMaster, Inc). The components were cut to size by a laser cutter (VersaLASER,

Scottsdale, AZ.).

White plastic P1 Microsieve Double-sided tape
I (region shaded in gray)
O O o |
rz @ Josem s
O O L]

1.95cm

6.00 cm

Clear polycarbonate |
=—1— Double-sided tape

|
|
p2 [ @r1 Metal base rs

Figure 3: Layout of the microfluidic device, top and side views.

The device’s three ports were designated P1, P2, and P3 (Figure 3). P2 was connected to the feed
reservoir containing either filtered water or the bead suspension. Permeate, the portion of liquid
feed passing through the filter, flowed from P2 to P1, into a 3 mL syringe whose rate of filling
was controlled by a syringe pump (New Era Pump Systems, Wantagh, NY). The remaining
fraction of the suspension (i.e. retentate) flowed out of the microchannel through P3 into a 60 mL
syringe whose rate of filling was controlled by a similar syringe pump (Harvard Apparatus,

Holliston, MA).
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After assembling the microchannel, and before attaching the middle and top layers, a test was
conducted to ensure that the system was closed. A 3 mL syringe was connected to P1 (Figure 3)
and several drops of filtered water were added to cover the entire surface of the microsieve and
surrounding white plastic shim. The syringe was pushed inward to see whether bubbles emerged
from any of the device’ sealed edges. If bubbles appeared, additional cyanoacrylate adhesive was
applied. If bubbles were detected on the microsieve, its pore structure was judged to have been

breached and was replaced. If no bubbles were seen, the device was judged ready for wetting.

To wet the filter, the 3 mL syringe was pulled outward, so that filtered water flowed through the
pores until no further bubbles were seen. After the wetting step, the double-sided tape whose
nominal thickness was 200 um and which had been cut to the dimensions shown in Figure 3 was

attached to the assembly. The clear plastic cover was then attached.
3.4 Pressure and Transmembrane Pressure (TMP) Measurements

The liquid from each port flowed through a pressure sensor (Utah Medical Products, Inc)
connected to a data acquisition card (National Instruments cDAQ-9172, TX) that sent signals to
generate the pressure history of each port in a LabView module (National Instruments 9237,
TX). The transmembrane pressure (TMP) profile was computed from the three pressure readings

in the LabView program using Equation 3.1:

%(pz-ps)j_pl Equation 3.1

TMP:(%-
6

Where Py, P2, and P3 are fluid pressures at ports P1, P2, and P3, respectively. A linear variation
of fluid pressure with axial distance along the channel was assumed, and the dimensions shown

in Figure 3 were used in order to estimate the pressure directly above the filter surface.
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3.5 Permeability of Microsieve

Prior to the experiment, the permeability of the filter was determined by the filtration of DI water
through the assembly. If the relationship between TMP and filtration rate was linear with a slope

less than 11.0 (torr x min/cm?), the filter was considered to be wetted and fully open.
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4. Calculations

4.1 Thickness of the Microchannel

The actual thickness of a microchannel was calculated by monitoring pressure drop during the
laminar flow of particle-free water assuming the channel to be a narrow slit formed by two
parallel walls of width W separated by a distance 2B, and using the slit analog of the Hagen-
Poiseuille equation:

_ 2(R,-P)BW

O 3u, L

Equation 4.1

The slit height of the microchannel varied from one assembly to another and had to be calculated

each time by solving Equation 4.1 for B:4

1/3

Equation 4.2

where Qnm is the main volumetric flowrate, AP is the difference between P2 and P, B is the half
thickness of the channel, W and L are the width and length of the channel, and p is the viscosity

of the fluid.

4.2 Viscosity of Particle Suspension

The effective viscosity of the particle suspension, us, was determined by solving Equation 4.1
using the measured pressure drop and the previously determined thickness values of x, B, and W

at each Qmto give:

57



_2BW AP

He =—F—"—
3L Q, Equation 4.3

The ratio AP/Q,, was employed, as determined from a plot of pressure drop versus flow in the

channel.
4.3 Shear Stress at the Wall

The shear stress exerted at the flow boundaries is calculated as the product of viscosity and the
shear rate at the boundaries. The boundary on which filtration occurs extends inward from the
filter surface by a distance X, reducing the total slit height to 2B — x. The shear stresses on each

boundary are equal:

#4,3Q,,
2
Z(B—Xj W
2

4.4 Thickness of the Particle Packed Bed

T=py = Equation 4.4

The presence of a packed bed increases the pressure drop along the microchannel. This pressure
drop can be written as the sum of three pressure drops for three axial regions: (a) from the inlet

to the filter, (b) across the filter, and (c) from the filter to the outlet.
i.  When no filtration is applied (and thus no particle layer is formed):

AP = AP, + AR, + AP, Equation 4.5

ii.  During filtration

AP = AP, + AP, + AP, Equation 4.6
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where the prime symbols designate the data obtained when filtration is imposed.

Thus, the increase in pressure drop due to a layer of packed bed is estimated by subtracting a
pressure drop at no filtration from a pressure drop during filtration. It is assumed that the
pressure drop in regions other than the filter surface stay constant (AP1=AP’1 and AP>=AP’>).

Hence the thickness of the packed bed was calculated by solving for x in the following equation:

AP-AP' =AP, - AP, :3ﬂs';v(3m i 3ﬂstQm

Equation 4.7
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5. Results and Discussion

5.1 Minimum Main Flowrate yielding stable TMP at a Given Filtration Flowrate

Steady state is indicated by a stable TMP, and it occurs when components of the shear force

F, cosa, and drag force, F,sina , on the edge of the packed bed are balanced, as described in

Equation 2.1. If the two force components are not balanced, the system remains in a transient
state, and the thickness of the bed either increases or decreases, demonstrated experimentally by
a changing TMP. As discussed by Aiman and Howell, variations of permeate flux can
significantly alter the condition in the boundary layer 2 Therefore, in this work we maintained
the flux (i.e. the filtration rate) constant and measured TMP. The TMP profile was interrogated

to obtain information about the packed bed formation.
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Figure 4: Sample transmembrane pressure (TMP) profile, given a filtration flowrate of 0.020

mL/min, for various main flowrates (Qm).

We use Qs to denotate the filtration rate. At each Qy, @ minimum main flowrate Qm,min Was
defined as the lowest value of Qm to maintain a stable TMP. Figure 4 displays TMP using
different Qm’s but a fixed value of Qr. As shown in Figure 4, at Qm of 2.000 mL/min, the TMP
was unstable, but when Qm was increased to 2.500 and 3.000 mL/min, the TMP profile leveled
off, connotating a stable TMP and steady filtration. Therefore, Qmmin Was approximated as 2.500

mL/min. The values of Qmmin for other conditions (e.g. different bead sizes, Qr) are summarized

in Table 1.
Qm,min, mL/mln
Qs, mL/min
3.2 pm beads 7.9 pm beads
0.010 1.500 0.500
0.020 2.500 1.000
0.030 3.500 2.200

Table 1: Qmmin at different filtration rates (Qs) for two different particle sizes.
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As we increase Qr, Qmmin increases. A higher value of Qr implies a stronger drag force, which
then requires a larger shear force derived from the main flowrate to maintain steady state. Qm, min
decreases with larger particle sizes. This agrees with expectation that the shear force varies with
the square of particle diameter, whereas the drag force is only proportional to particle diameter.
Thus, as particle diameter increases, the shear force dominates and requires a smaller Qm, min to

maintain steady state.
5.2 Packed Bed Thickness and Porosity

The packed bed thickness was determined from the difference in channel height (B) without
filtration (Equation 4.1), and with filtration (Equation 4.7). The assumption here was that for a
given Qm, any change in TMP during filtration was entirely due to the packed bed formation.
Equation 5.1 was used to solve for the effective half-height of the channel in the presence of a
packed bed layer,*t where L is the length of the main channel while x is the thickness of the

packed bed.

(B _5}3 _ 3B°4,LQ,

2 3u,LQ, —2(TMP - TMP")WB® Equation 5.1
The packed bed thickness increases with decreasing Qm due to a weaker shear force along the
channel. We also observed that an increased in Qs increased the packed bed thickness. This was
in agreement with our hypothesis that the drag force would increase the number of particles
building up as layers on the filter. However, changes in drag force became less significant when

filtration rate (Qf) was above 0.020 mL/min, as evidenced by similar bed thicknesses at Qs =

0.020 and Qf = 0.030 mL/min. At this point, the drag force would lead to denser packing in
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place of forming more layers. The packed bed thicknesses at different values of Qf and Qm are

summarized in Figure 5.
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Figure 5: Packed bed thickness as a function of Qm and Qs using 7.9 pum bead suspension.

Packed bed thickness decreases as a function of Qm and increases as a function of Q.

For each data set, the Blake-Kozeny calculation of packed bed porosity is applied to test the
experimental data. Since the packed bed is incompressible, assuming the porosity to be
independent of the imposed differential pressure.2 The porosity intrinsic to the sphere geometry,
g, is reported to be as 0.35-0.45.%°

L 2 £

p

2
™P_ 150[”W—V°](1_—3‘°') Equation 5.1

63



Table 2 shows that the porosity obtained from the experimental data set is consistent, and in

agreement with the reported value.

Qm (ML/min) Porosity
3.600 0.34
3.700 0.33
3.800 0.33
3.900 0.33
4.000 0.30

Table 2: Calculated porosity using the Blake-Kozeny equation for Qs = 0.030 mL/min at varying

Qm.

5.3 Critical Shear Stress

We define a critical shear stress zc, as the minimum sweeping force at the filter surface necessary
to prevent formation of the packed bed. If the shear stress exerted by cross-flow filtration is
greater than zc, no packed bed will form. If the shear stress is smaller than zc, the packed bed will
build up and narrow the microchannel until the shear stress at the surface of the packed bed is

equal to zc. At this point, we expect the packed bed to become stable and cease growing.

Table 3 demonstrates the steady state achieved at Qm of 3.6 mL/min, indicative of the constant
wall shear stress at the surface of the packed bed (for 3.2 pm particle size and filtration rate

0.030 mL/min).
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Qm (MmL/min) Wall Shear Stress (Pa)

3.600 4.10
3.700 4.24
3.800 4.11
3.900 4.20
4.000 4.10

Table 3: Calculated wall shear stress of filtrations at constant Qs = 0.030 mL/min for varying

Qm.

The critical shear stress (zc) was calculated using Equation 4.3. Values of z for two particle sizes

(3.2 um 7.9 um in diameter) are summarized in Table 4.

Qf, mL/min Tc (Pa)
3.2 pm beads 7.9 pm beads
0.010 1.50 £ 0.30 0.80+0.23
0.020 3.00+0.89 1.63+0.52
0.030 437 +1.27 2.47 £ 0.64
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Table 4: Average critical shear stress (zc) at different filtration rates (Qr) for two different sizes
of particles used. The critical shear stress increased with filtration rate. Smaller bead results in

higher critical shear stress.

Particle size has a large effect on critical shear stress, as evidenced by the critical shear stress for
3.2 um beads being almost double that for the 7.9 um beads at the same filtrate flowrate. Another
important trend is that the critical shear stress is linearly related to Qs for the regimen of shear
flow analyzed, as shown in Figure 6. It is, thus, possible to predict the critical shear stress given a

filtrate flowrate using a linear fit.
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Figure 6: Critical shear stress versus filtrate flowrate for various bead diameters. Critical shear
stress at each filtration rate (Qs) was plotted to demonstrate a monotonically increasing trend,

aligned with our theoretical prediction.

A further, qualitative observation corroborates the proposed mechanism and distinguishes it from

a diffusion-based explanation of particle accumulation. For the dilute range of particle
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concentration studied here, there was no effect of particle concentration on the steady-states
discussed here and the transitions from one steady state to another were prompt and quicker at
higher particle concentrations when layer thickness was increasing because particles were being

delivered more quickly. No permanent fouling was observed.
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6. Conclusion

Cross-flow (tangential) microfiltration of uniform beads in solution can be modeled and
interpreted as a simple force balance at the interface between a stationary filter cake and a feed
stream moving over it. For a suspension - composed of uniform, hard spherical beads - a first-
principles model was built and was successfully compared with experimental data. Other
systems may present a more complex interfacial geometry and pore structure. However, such
systems should preserve the fundamental findings of this research: that interfacial mechanics,
and not particle migration, determine the fraction of a microfilter’s cross-section that is available

for through-flow.

The essence of this model is that in the crowded space of a microfluidic filter, the feed flows
through a narrow slit, sharing the slit height with a stationary filter cake. Thus, a self-sustaining
force balance is achieved. This force balance sets and maintains a split in slit height. By
measuring TMP for various filtrate and main flowrates, the minimum flowrate and critical shear
stress to prevent unstable packed bed formation was found and related to main flowrate, filtrate
flowrate, and particle size. A linear relationship was found between critical wall shear stress and
filtrate flowrate, an inverse relationship between particle size and critical wall shear stress, and
no relationship between the main flowrate and the critical wall shear stress, all in support of the

proposed model.

One cannot expect such clear and simple relationships for particles that are more complex in
shape and size. However, the underlying phenomenology is likely to be preserved and to
provide a basis for understanding and correlating observations in such systems. Further work will

be needed to analyze less uniform particle beds.
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8. Notation

Variables

B Half height of the channel (um)

Dp Diameter of spherical particles (um)

Fn Horizontal force on the particle (N)

Fv Vertical force on the particle (N)

L Length of the channel (cm)

AP Pressure across the entire channel (Pa)

Qr Volumetric flowrate of the permeate (i.e. Filtration rate) (mL/min)

Qm Volumetric flowrate along the main channel (mL/min)

Qm Volumetric flowrate along the main channel (mL/min)

Qm, min Minimum volumetric flowrate along the main channel required to maintain a stable TMP
profile (mL/min)

TMP Transmembrane pressure (Pa)

Vo Filtration velocity or fluid superficial velocity (cm/s)

W Width of the channel (cm)

X Thickness of packed bed (um)

Greek letters

y Shear rate (s?)
T Shear stress (Pa)
c Critical shear stress (Pa)

VI Viscosity of fluid (Pa.s)

Hw Viscosity of DI water (Pa.s)
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Hs
a

&

Viscosity of bead suspension (Pa.s)
Angle of repose (radian)

Void fraction of packed bed (%)
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0. Abstract

Steady state crossflow microfiltration (CMF) is an important and often necessary means of
particle separation and concentration for both industrial and biomedical processes. The factors
controlling the performance of CMF have been extensively reviewed. A major factor is
transmembrane pressure (TMP). Because microchannels have small height, they tend to have
high pressure gradients in the feed-flow direction. In the extreme, these gradients may even
reverse the pressure across the membrane (inciting backflow). It is therefore desirable to
compensate for the effect of feed-flow on the TMP, aiming at constant transmembrane pressure
(cTMP) at a value which maximizes filtrate flux. This is especially critical during filtration of

deformable particles (e.g. erythrocytes) through low intrinsic resistance membranes.

Filtration flux is generally taken to be directly proportional to TMP, with pressure drop along the
channel decreasing in the flow direction. A co-current flow of filtrate in a suitably designed
filtrate collecting channel is shown to allow the TMP to remain constant and permit the sieving
surface to perform optimally, permitting up to twice as much filtration over that of a naive
configuration. Manipulation of the filtrate channel may be even more beneficial if it prevents
backflow that might otherwise occur at the end of a sufficiently long channel. Experiments with

erythrocyte suspensions, reported here, validate these concepts.
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1. Introduction

In crossflow microfiltration (CMF), the fluid to be filtered flows parallel to a membrane surface,
allowing permeation through the membrane, driven by a pressure difference.! In a companion
study, we noted a wide range of filtration duties which can be addressed by CMF,2¢ including
many medical and biotechnical applications.”® These situations generally show increasing
filtration flux as transmembrane pressure (TMP) is increased until a TMP is established that
apparently anchors particles to, and blocks the membrane.®! Under ordinary conditions, (Fig. 1,
column A) fouling occurs first at the inlet, where TMP is highest, with much of the filter
operating below capacity because pressure drops significantly in the direction of flow.>15 Full
utilization of the membrane is possible only if TMP is held constant (cTMP) (Fig. 1, column B),

just below critical flux.®

A. Conventional Configuration B. Co-Current Configuration

Blood Blood
Pressure
Drop (Torr)

Pressure
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Figure 1. Pressure profiles of conventional (column A), and co-current (column B) filtration

configurations. The first row (red) of the figure shows the expected pressure drop down the feed (blood)
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channel. The second row (yellow) shows, left, the usual, constant pressure in the filtrate (plasma)
channel, and, right, a filtrate collecting channel with plasma flow configured to establish in the channel a
pressure gradient that parallels that in the feed channel. The third row (green) shows, left, how a
computed transmembrane pressure (TMP) drops across the channel length to the point it can produce
backflow in the presence of an invariant filtrate pressure. And (right) how a varying plasma channel
pressure can produce a constant transmembrane pressure. The straight-line variation in blood pressure

in all panels of the figure presumes a low ratio of filtration flow to channel flow.

Construction of an appropriate filtrate collecting channel involves specifying a cross-section, an
axial flowrate, and a circulating fluid (filtrate or filtrate diluted into another fluid) specified to
produce the desired axial pressure gradient. This configuration is easily achieved in dialyzer-like
configurations if both the feed and filtrate flows occur in the same direction, with the filtrate
flow adjusted to yield constant TMP. In this study we report achieving this configuration in a
simple parallel-plate geometry, one filter, one feed with a single filtering surface, and one
circulating fluid receiving the filtrate. In separate runs we varied the feed flow over a wide range

of shear rates. This was done over two filtering surfaces one twice as large (long) as the other.
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2. Materials & Methods

To achieve a valid comparison of constant transmembrane pressure (cCTMP) with the normal
parallel flow configuration, we utilized experimental methods and materials from our earlier
study.! As described there,* all microsieves were purchased from Aquamarijn Microfiltration BV
(Zutphen, Netherlands) as 500 um thick, 10x20 mm? silicon microsieves.'”® Discarded packed
citrated human erythrocytes and plasma from the Columbia University Medical Center blood
bank were used. The suspension used in these experiments was reconstituted with plasma that
had been filtered through a 0.2 um Millex® syringe filter to the desired final hematocrit of 33%

and triply washed erythrocytes.
2.1 Microfluidic Filtration Module

The filtration module consisted of three layers and four ports, as shown in figure 2. The top layer
contained the blood inlet and outlet. The bottom layer contained the filtrate inlet and outlet. The
middle layer separated the feed from the filtrate and contained the microsieve, mounted in a 0.5
mm thick frame that had been laser-cut from plastic shim stock (Artus, Englewood, NJ). The
microsieve was cemented in place with 5-Minute Instant Mix™ Epoxy (Loctite®, Inc). The
height of the microfluidic feed (blood) and filtrate (plasma) channels were defined by 200 pum
and 100 um thick double-sided tapes, respectively (ATG type 928, and 924 double-sided transfer
tape, 3M, Minneapolis). The components were designed and were then cut to size by a laser

cutter (Versa Laser, Scottsdale, AZ).
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Blood flow outlet

A. B.  Blood flow inlet
Upper Slot 1
cover (blood)
Gasket 1
Filter
holder Plasma flow outlet
ket 2
Gasket ¢ Plasma flow inlet
Slot 2 Blood in maal out
Slot 1
(Plasma) ’_[h " (blood)
MiCl’OSiEVE“
Lower ;
cover I‘P \ Slot 2
(Plasma)
Plasmain Plasma out

Figure 2. a) Layout of the microfluidic device. b) Semi-assembled device. c) Crossflow schematic —
blood/plasma channel layer. Channel dimensions: Length (L) = 3 cm, Width (W)= 9 mm, Blood Height
(2B)= 200 um, Plasma Height (2B)= 100 um. The actual channel height was confirmed by water

pressure-flow measurements — see Appendix.

The four ports were designated P1, P2, P3, and P4. Blood (33% hematocrit) flowed from a
reservoir by a peristaltic pump (Bridgemedica, Walpole, MA) into the blood microchannel,
through P1, and out through P». The plasma flowed through another peristaltic pump
(Bridgemedica, Walpole, MA) into the plasma microchannel, through P3, and out through Pa,
thus completing a closed loop. Because the peristaltic pump generated pulsatile pressures,
pressure dampers (NxStage, Lawrence, MA) were inserted at the points shown in figure 3.
Filtration was achieved by using a syringe pump (Legato 111 — KD Scientific, Holliston, MA),

drawing through a T junction (Small Parts, Inc. Logansport, IN) in the plasma loop. Shear rates
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in the device varied from 2000-8000 s*. To establish the desired operating conditions, blood was
drawn at a predetermined flow from an open reservoir by the peristaltic pump (P-1) at a rate
which fixes the desired shear rate. For each shear rate, the maximum filtrate flow was measured,
at subcritical TMP (the point right before irreversible fouling occurs), by making small
increases in the filtrate syringe pump (P-3), thus fixing the maximum flow under the variable
TMP (uncompensated) configuration. The filtrate pump was then stopped, and the plasma flow
was adjusted by the plasma peristaltic pump (P-2) to establish the cTMP configuration. Once
pressures gradients above and below the sieves were equalized (optimal co-current conditions), a
new set of maximum filtrate flows were measured for each shear rate by making small increases

in the filtrate syringe pump (P-3).
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Figure 3. System arrangement including location of the pressure sensors: Blood in (P1), Blood out (P>),

Plasma in (P3), and Plasma out (Pa).

2.2 Pressure and Transmembrane Pressure (TMP) Measurements

Four pressure transducers, shown in figure 3 (Utah Medical Products, Inc), were connected to a
data acquisition card (National Instruments cDAQ-9172, TX) to record pressure via a LabView

module (National Instruments 9237, TX). The transmembrane pressure (TMP) profile was
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computed continuously from the four pressure readings, assuming a linear variation of fluid

pressure with axial distance along the channel. The LabView program used Equation 2.1:%°

1 1
TMP: Pl__(Pl_PZ) - P3__(P3_P4) E uat10n2.1
2 2 a

The dimensions shown in figure 2 were used to estimate the average pressure directly above the
filter surface.

2.3 Permeability of Microsieve

Prior to each experiment, the intrinsic permeability of the filter was established by filtering

particle-free water through the assembly, as described in detail in the previous study.*
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3. Results & Discussion

3.1 Constant Transmembrane Pressure (CTMP)

Since the feed pressure in a microchannel must decrease along the membrane surface in the
direction of flow, the transmembrane pressure against an isobaric filtrate reservoir steadily
decreases in the direction of feed flow. If it could remain constant (cTMP), it would allow the
entire sieve to work near its critical point, affording larger filtration. This can be achieved by
introducing a compensating, decreasing pressure beneath the sieve. Thus, directing filtrate into a
channel on the filtrate side of the filter, with a pressure gradient matching that of the feed, can
generate cTMP over the entire filtering surface (shown in Figure 1, column B). In systems where
the feed pressure gradient is constant (because the fraction of the flow that is filtered is small)
both gradients are constant. Then, one can expect up to twice the filtration rate obtainable with
no pressure variation in the receiving channel, even more if backflow were otherwise allowed to
occur, Figure 1, column A. cTMP is easily achieved in short channels, but only with more
difficulty in longer ones where the overall change in system pressures must equal nearly twice

the inlet feed pressure, assuming the channel pressure drop to be much larger than the TMP.

Operating with a cTMP configuration should also lead to greater operational stability with
deformable particles (e.g. erythrocytes). When erythrocyte suspensions are filtered, sieve
performance still increases with transmembrane pressure difference (TMP) but sieves routinely
clog if a “critical TMP” is exceeded, as described in detail in the previous study. If this does not
occur, the rest of the channel is safe, but the filtering capacity is not fully used. At some risk of
clogging, a cTMP configuration allows the entire channel to be operated as close to the critical as

one desires.
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Results are shown in Table 1. Those under cTMP conditions over a nominal 2 cm filtration
length, are compared with those obtained in the absence of a parallel shear flow of the filtrate, as
described above. In each case, filtration was slowly increased until clogging was indicated by
sharp irreversible increases in TMP. In this manner, maximum filtration rate was determined for

each of the 8 conditions studied. Table 1 summarizes these findings:

Shear Rate (s7) Flux (cm*/cm?-min) at sub-critical TMP
2000 0.086 + 0.01 0.185+0.01
4000 0.177£0.01 0.355+0.01
6000 0.272 £ 0.02 0.505 = 0.02
8000 0.363 = 0.02 0.690 = 0.02
Sieving Configuration Variable TMP cTMP

Table 1. Calculated fluxes (J = Qf/A,, ) for each sieving configuration. Qr represents maximum

filtration rate at its corresponding shear rate, and An corresponds to the sieving area of 2 cm?.

At all shear rates, experiments showed the maximum filtrate flux to be nearly twice that obtained
without cTMP (Table 1 and figure 4). In principle, the advantage should be exactly twofold,

since the filtration rate was insignificant relative to the plasma flow.
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Figure 4. Compares filtration with cTMP (blue squares) to filtration without cTMP (red triangles). The

average ratio of the filtrate fluxes through a sieving area of 2 cm? over each set of points is 1.9 + 0.05.

If the desired channel is long enough, the effect of a pressure gradient in the filtrate channel can
be limited by the inability of the filtrate channel to discharge at a pressure low enough to
maintain the inlet TMP over the full filter length. In fact, there can be a point where the pressure
at the filtrate side of the sieve becomes higher than the pressure at the permeate side, reversing
the TMP and creating a backflow as depicted in Fig. 1, column A, third row. This circumstance

can be avoided only by raising, equally, all other system pressures.

To test the limits of the cTMP configuration with respect to channel length, the channel
described above was increased by joining two 1 x 2 cm? sieves arranged in series to yield a
sieving area of 1 x 4 cm?. At each shear rate, the filtration rate for the cTMP configuration should

still be twice that for the variable TMP configuration. However, when this longer sieving surface
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was used, the filtration rate was about 1/3 less than that obtained with cTMP configuration, as

depicted in Table 2:

Shear Rate (s7) Flux (cm®/cm?-min) at sub-critical TMP
2000 0.067 £0.01 0.187 £0.01
4000 0.127 £0.01 0.350 £ 0.01
6000 0.197 £ 0.02 0.520 = 0.02
8000 0.245 £ 0.02 0.700 £ 0.02
Sieving Configuration Variable TMP cTMP

Table 2. Calculated fluxes (J = Qf/A,, ) for each sieving configuration, with @ representing the

maximum filtration rate at its corresponding shear rate, and An corresponding to the sieving area of 4

cm?.

In other words, under cTMP configuration, the longer (4 cm length) flow path produced the same
filtrate flux (flow per unit of filter area) as the original (2 cm length) path (i.e. at a shear rate of
8000 s2, fluxes for 2 and 4 cm? are 0.69 + 0.02 and 0.70 + 0.02 cm/min, respectively).

However, the longer path underperformed by about 30% when cTMP was not imposed (i.e. at a
shear rate of 8000 s, fluxes for 2 and 4 cm? are 0.363 + 0.02 and 0.245 + 0.02 cm/min,
respectively). This “flux loss” may be explained by cumulative blocking, associated from using
the same device to get the eight data points at each shear rates for the 2-sieve cell. The
deterioration of the sieve (membrane fouling) may have led to the diminishing filtration acquired
during the uncompensated modality (variable TMP), specially so as this non cTMP

configurations are less protected by sudden operational instability (e.g. pressure surges).
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Figure 5. Compares filtration with cTMP (blue squares) to filtration without cTMP (red triangles). In
theory (green diamonds), the cTMP advantage should be exactly twofold, given that the filtration rate is
insignificant relative to the plasma flow. However, fluxes under variable TMP configuration significantly
diminish when a longer flow path (4 cm?) was studied. Most probably due to cumulative accumulation

membrane fouling from multiple runs.

Filtration longevity was also benefitted by the cTMP configuration. Accordingly, experiments
have shown that the TMP profile remains stable for 5 hours at fluxes of about 0.7 cm®/cm?2-min
(Table 1 and Table 2), with elective termination. We believe under cTMP configuration, scaling
up may be achieved to extract medically relevant amounts of plasma from blood, safely and in

real time. There may also be benefits to other industrial applications.
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4. Conclusion

In microfluidic blood filtration, sieve performance increases with transmembrane pressure
difference (TMP), but sieves routinely clog if a “critical” transmembrane pressure difference is
exceeded. In a microfluidic channel, TMP decreases in the direction of suspension flow; and if
the system is calibrated to avoid clogging at the inlet, a linear drop to zero TMP at the outlet
causes the channel to operate at only half of its potential capacity. Setting a safe TMP at the
leading edge of the sieve, minimizes the possibility of its clogging there; while imposing a
constant TMP over the whole surface, as defined in this paper, maintains the entrance flux

everywhere.

A constant TMP (cTMP) regimen, that results in a constant trans-sieve pressure difference along
the length of the sieve, allows near doubling of filtrate flux over the entire sieve area at a flux

with a TMP comfortably below the critical value.
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6. Appendix

6.1 Nomenclature

AP
Qs
Qm
TMP
J

P1
P2
Ps

P4

Half height of the channel (m)

Channel Length (m)

Channel width (m)

Pressure drop across the channel (Torr)
Volumetric flowrate of the permeate (i.e. Filtration rate) (cm®min)
Volumetric flowrate in main channel (cm®min)
Transmembrane pressure (Torr)

Filtrate flux (cm®cm?-min)

Inlet blood pressure (Torr)

Outlet blood pressure (Torr)

Inlet plasma pressure (Torr)

Outlet plasma pressure (Torr)

Greek symbols

Yw

Tw

u

Nominal wall shear rate (1/s)
Wall shear stress (Pa)

Viscosity of media (Poise)

6.2 Supporting Equations:

Microchannel Height
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As in a previous study,* the thickness of each microchannel varied each time the apparatus was
assembled and had to be accurately calculated each time. By measuring the change in pressure
for various through-flow rates for a fluid of known viscosity (i.e. microfiltered water), the

thickness (2B) of the channel was calculated using the equation for laminar flow in a narrow slit

3,3 L
2B =2 x EMW X i—’; Equation 6.1

The flow was assumed to be Newtonian, laminar, and fully developed, where Qnm is the

solved for B:1°

volumetric flow rate, AP is the difference in pressure between inlet and outlet, W and L are the

width and length of the channel, respectively, and x is the viscosity of the fluid.*®

Since the heights above and below the microsieves were not equal, different flows above and
below the sieves were required to create the same pressure drop. A simplified version of the slit

flow equation®® was used:

3

3 B, _
Qplasma = (E) Qbiood (%) Equation 6.2
blood

The factor 3/2 compensates for the viscosity difference between the two fluids.
Shear Rate and Shear Stress at the Wall

The shear stress exerted at the flow boundaries, zy can be calculated by balancing the shear force

at the wall against the pressure gradient for a slit channel.*°

_ u3Qm
2B2W

Tw Equation 6.3
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Shear rates (y = Z—Z) at the wall are found as the shear stress (z,,) divided by the viscosity:

T 30 .
Yw = 7‘” = ﬁ Equation 6.4

where Qm is the volumetric flow rate, B is the half thickness of the channel, W is the width of the

channel, and y is the viscosity of the fluid.®
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Chapter 5

Conclusion
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In this thesis, we have analyzed crossflow microfiltration of different suspensions, with special
interest in the practical removal of plasma from suspended erythrocytes by filtration, using a thin
silicon nitride layer photolithographically patterned with micron-sized pores. In all studies, we
have concluded that the filtrate flux is directly proportional to the transmembrane pressure

(TMP) and surface shear rate, in agreement with classical concentration polarization theory.

The effect of the high deformability of erythrocytes was analyzed and is addressed in Chapter 2
(Figure 6). At steady state, a significant increase in resistance to filtration was seen for all media
studied regardless of pore size and shape (Section 3.2). We attribute this resistance to a non-
negligible, stationary monolayer of erythrocytes which forms on the filter surface anchoring
themselves by extension into the pores during filtration (Section 3.1, Figure 5). It appears that with
the formation of this monolayer, the filtration resistance becomes primarily dependent on the
anchored layer of retentate (erythrocytes) which, however, is seen to be incomplete (Figures 7 and
8). This buildup of particles seems to be a direct consequence of erythrocyte capture and not upon

any conventional fouling mechanism (Figure 3.2.2).

Contrary to classical theory, the inflowing erythrocyte concentration (hematocrit) does not affect
steady state permeation rates; it affects only their rate of approach to steady state (Figure 8). This
incomplete layer appears to prevent further cell adherence to the sieving surface (Section 3.1).
High shear flows thus appear to prevent formation of multilayers, allowing steady state filtration

to be achieved (Section 3.1).

In Chapter 3, cross-flow (tangential) microfiltration of a suspension of uniform beads was
modeled and interpreted as a force balance at the interface between a stationary filter cake and a

feed stream moving over it. For a suspension - composed of uniform, hard spherical beads - a
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first-principles model was built and was successfully compared with experimental data. Other
systems (i.e. erythrocytes) may present a more complex interfacial geometry and pore structure.
However, such systems should preserve the fundamental findings of this research: that interfacial
mechanics, and not particle migration, determine the fraction of a microfilter’s cross-section that

is available for through-flow.

The essence of this model is that in the crowded space of a microfluidic filter, the feed flows
through a narrow slit, sharing the slit height with a stationary filter cake. Thus, a self-sustaining
force balance is achieved. This force balance sets and maintains a split in slit height. By
measuring TMP for various filtrate and main flowrates, the minimum flowrate and critical shear
stress to prevent unstable packed bed formation were found and related to the main flowrate,
filtrate flowrate, and particle size. A linear relationship was found between critical wall shear
stress and filtrate flowrate, an inverse relationship between particle size and critical wall shear
stress, but with no relationship between the main flowrate and the critical wall shear stress, all in

support of the proposed model.

One cannot expect such clear and simple relationships for particles that are more complex in
shape and size. However, the underlying phenomenology is likely to be preserved providing a
basis for understanding and correlating observations in such systems. Further work will be

needed to analyze less uniform particle beds as the deformation provided by erythrocytes.

Chapter 4 addresses a more fundamental generic problem regarding filtration. In systems where
trans-membrane pressure is allowed to change strongly with axial position, a ‘marching’ increase
in filter resistance with time was seen and attributed to slow augmentation of cellular adhesion

growing from the blood inlet. Since pressure in a microchannel must decrease in the direction of
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flow, and pressure on the permeate side of a crossflow membrane is uniform, the TMP must
decrease in the direction of suspension flow. This limits the maximum TMP to that experienced
along the membrane occurring at its leading edge. If the TMP at the leading edge is sufficiently
high, erythrocytes will be irreversibly squeezed into the membrane pores, causing a fouling
stagnant layer of erythrocytes in this region. If filtration rate remains unchanged, TMP will
increase leading to more of the membrane seeing a sufficiently high TMP so as to cause an
erythrocyte fouling cascade, and hence the fouled region will propagate along the membrane

until the entire membrane is fouled.

By introducing a carefully designed flow channel on the permeate side beneath the membrane,
we were able to permit the pressure on the permeate side of the membrane to decrease along the
length of the membrane, and thereby achieve a constant TMP along the complete

membrane. This allowed for the entire membrane to be used at a pressure below that leading to

erythrocyte fouling, permitting a higher stable filtration rate than reported in chapter 2.

As a result, a constant TMP (cTMP) regimen, that results in a constant trans-sieve pressure
difference along the length of the sieve, allows near doubling of filtrate flux over the entire sieve
area at a flux with a TMP comfortably below the critical value. Further work will be needed to
analyze this modality with other suspensions. However, the underlying phenomenon is likely to
be preserved and to provide a higher throughput and stable filtration environment than

conventional crossflow microfiltration.
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