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Abstract

Pancreatic islet transplantation offers a viabléioopto achieve permanent metabolic
control in Type 1 diabetes patients. However,daggantities of pure viable donor islet cells are
necessary for transplantation. Using currentlyilalke islet isolation methods multiple donor
organs are required to achieve successful trartspi@am, and there is a demand for an isolation
method with high islet yield and viability. Addtially, with porcine xeno-islet cell
transplantation providing much hope, improving plogcine islet isolation process has become a
worthwhile endeavor. This dissertation is the suwmymof the work aimed to develop a
Quadrupole Magnetic Sorter to isolate pancreali&tsgrom exocrine tissue.

Computational Fluid Dynamics (CFD) simulations wesed (Chapter 2) to predict the
flow patterns, pressure drop and nonspecific cnomsim a newly designed QMS flow channel
for the isolation of pancreatic islets of LangerharSimulation results were compared with the
theoretically and experimentally determined restadtgalidate the CFD model. CFD simulations
were employed to compare performance of two model®@MS flow channels with differing
splitter positions. Results of the simulations evased to show that one design gives up to 10%
less nonspecific crossover than another and thdehwan be used to optimize the flow channel
design to achieve maximum purity of magnetic pbasic

Magnetic isolation is a promising method for sa@fiag and concentrating pancreatic
islets for transplantation in Type 1 Diabetes paie Continuous magnetic islet sorter was
designed to overcome the restrictions of currenifipation methods that result in limited yield,

viability and purity of the isolated islets. Therformance of the islet sorter depends on the



resulting speed of the islets in an applied magretld, a property known as magnetophoretic
mobility. Essential to the design and operatiothef magnetic sorter is a method to measure the
magnetophoretic mobilities of magnetically infuseslets.  Magnetic particle tracking
velocimeter (MPTV) was developed to measure (Chapiehe magnetophoretic mobility of
particles up to 1000 microns in diameter. Veloattgasurements are performed in a well-
characterized isokinetic magnetic energy gradiesmgivideo imaging followed by analysis of
the video images using a computer algorithm thatlpces histogram of absolute mobilities.
Mobility distributions obtained indicated that magjzed islets have sufficient mobility to be
captured by the proposed sorting method, with teisult confirmed in test isolations of
magnetized islets.

To achieve islet isolation with high purity and IgieQuadrupole Magnetic Sorting
(QMS), a single cell separation method, is beingliffed for the isolation of pancreatic islets
(Chapter 4). Islets are infused with 4.6um Dyndks@aand separated continuously with QMS.
Results from 10 porcine pancreas isolations indatg@ossibility of infusing islets with magnetic
beads and isolating them continuously by redudimegeixposure time of islets to enzymes. QMS
isolated islets showed good morphology comparedtandard COBE isolated islets and the
Oxygen Consumption Rate (OCR) per DNA measurenmemfirmed the viability of the islets
after isolation. QMS isolation can save the c@ttime and help to eliminate the mechanical
stress due to centrifugation on the islets. Nudeentransplantation results confirmed

Dynabeads do not affect the functionality of tHetss
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1. Introduction

1.1 Diabetes and Transplantation

Diabetes is a group of metabolic diseases thatechygerglycemia. The consequences
of diabetes include retinopathy (loss of visiongphropathy (renal failure) and peripheral
neuropathy with risk of amputation. The majorifydiabetes cases fall into two categories: In
type 1 diabetes, the cause is deficiency of inssdicretion. Type 1 diabetes accounts for 5 to 10
per cent of diagnosed diabetes. In type 2 diab#tescause is combination of resistance to
insulin action and deficit insulin secretion (Gaetnal., 2003).

According to the reports presented by CDC in 2@8million Americans, 8 per cent of
the population, are diabetic (CDC, 2008). Diabetests the US economy $132 billion per year,
$92 billion in direct medical costs (CDC, 2002; Patial., 2003). It has been suggested that
insulin independence can be achieved in diabet#s igliet transplantation (Markmann et al.,
2003).

Since the discovery of insulin in 1921, insulinrdg@y has saved many lives of type 1
diabetics. Insulin treatment cannot fully prevehtonic complications, and intensive insulin
treatment to improve metabolic control has paratledn increased risk of severe hypoglycemia
(Berney et al., 2001; Oberholzer et al., 1999).e Hmglish surgeon Watson Williams was the
first to attempt transplantation of pancreatic magts in 1893 from a sheep to a boy. The first
rodent pancreas transplantation was performed &% Eong with kidney transplantation at the
University of Minnesota (Ballinger et al., 1972)he International Pancreas Transplant Registry

reports 17,000 whole pancreas transplants perfoimdéilde US up to 2004. Success after one

1



year varied from 72 to 84 per cent. Although whadecreas transplantation is the most reliable
means of restoring full metabolic control, it inves complex surgery. With only 5,000 cadaver
organs available in any given year, transplantaigonot available to treat all diabetes patients
(Markmann et al., 2003). Islet transplantationerdf a viable option to insulin therapy for
improved metabolic control and to full organ traaspation with lower cost and risk.

Successful islet transplantation can result inlinsadependence (Berney et al., 2001).
The recent dramatic improvement in the successafatie islet transplantation in humans has
prompted considerable interest for more widespeggalication of this methodology (Shapiro et
al., 2000). The first clinical islet transplantatiin humans was attempted in 1985 at Washington
University Medical School in St. Louis (Ricordi @&t, 1988). The process involved maceration
of the organ into cell fragment broth, from whidiets were purified by a density gradient
method as islets are slightly less dense than atssue. Islets constitute only 1-2 % of the
pancreas volume and their isolation and purificatéoe stressful mechanical and enzymatic
procedures that can inflict significant damage, cnhmay be further amplified by prolonged
times of warm and cold ischemia with human isletsn@on et al., 1994; Robertson et al., 1998).
One limiting factor to the islet transplantatiorthe need for the large numbers of islets, obtained
from more than one donor pancreas per recipient.
1.2 Recordi Method

The most important development for islet isolatieas the automated method introduced
by Dr. Camillo Ricordi. Ricordi’'s method utilizeal refined mixture of enzymes (collagenase)
produced by the bacteriu@ostridium hystoliticum. Ricordi disconnected the organ from the
duodenum, and a canula was inserted into the naaiarpatic duct which serves as the outlet for

digestive enzymes produced by the pancreatic ex@criVith all the accessory ducts clamped,



the organ was distended by collagenase injected theg main duct. The dilated organ was
placed in a conical chamber, the “Ricordi Chamidggyre 1.1)", through which the heated
enzyme solution was circulated. A ball mill usieigher glass or ceramic marbles was used to
liberate islets from the tissue (Ricordi et al.882 Flow diagram of the Ricordi digestion
process is shown in figure 1.2.

The output from the Ricardi Chamber contains iskth some exocrine tissue. Large
volumes of contaminated acinar tissue within isketo grafts have been associated with portal
hypertension, hepatic infarction, splenic bleedang death. Therefore, it is necessary to purify
islets before transplantation (Sulaiman et al.,6300A diagram of the steps involved in the
isolation and transplantation of pancreatic islketshown in figure 1.3.

1.3 Purification of Islets

Insulin independence can be achieved in type leti@sbby transplanting 10,000 Islet
Equivalents (IEQ) per kilogram recipient weight mirified islets (Sakuma et al., 2008). To
achieve high yields with required purities, manyetispurification techniques have been
developed for isolation of islets from exocrinestis either by targeting islets or by targeting
exocrine tissue, e.g. hand picking of islets, fasmence-activated sorting by staining islets with
neutral red (Gray et al., 1989; Jindal et al., 3994 destruction of non-islet tissue by laser
energy (Brunicardi et al., 1994). All these tecjugs were successfully employed to purify rat
islets but failed to scale up to the human tissgesd volume.

Islets or acinar tissue has been labeled with etigrieads coated with monoclonal
antibodies and then isolated with bar magnet (MRechhoiltz et al., 1987; Winoto-Morbach
et al., 1989; Winoto-Morbach et al., 1989a; Sooie&t et al., 1990; Winoto-Morbach et al.,

1994; Davies et al., 1994; Davies et al., 1996)nce islets make up only one to two per cent of



Figure 1.1: Ricordi chamber used for islet isolatferww.biorep.com).
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pancreas, negative selection is difficult, reqgjreffective labeling of 98 per cent of the tissue.
In addition, negative selection removes only thenarc cells, leaving ductal and other
unidentified cell types remaining after pancredigestion. Positive selection of the islets offers
the advantage over negative selection and the mqresef beads in islets does not alter islet
functionality (Nandigala et al., 1997).

1.4 Density Gradient Method

While several methods of the islet isolation h&veen developed, the most successful
method is density gradient centrifugation. In timsthod, tissue digestate is centrifuged and re-
suspended in a dense medium. Less dense medayared on top and the gradient is fed to a
COBE 2991 cell processor. After several minutesenitrifugation, islets are separated from the
interface between two discontinuous gradient lag@esnejima et al., 1998).

The current clinical practice using on density geaticentrifugation does not achieve the
necessary yield and purity of islets as this preceies on the small density difference between
islets and acinar tissue. Density gradient cabecttandardized because tissue density and size
distribution vary with each pancreas isolation. sslie size is a function of the degree of
enzymatic digestion, over which there is no dirttrol. In addition, density gradients have a
limited ineffectiveness for digests in which islétave not been completely disconnected from
the surrounding acinar tissue (London et al., 188n-Shiong et al., 1989).

Exocrine tissue present in purified islets, suclyagph nodes, vascular tissue and ductal
fragments, are major stimuli for induction of tmennune response that results in acute rejection
(Mitsukazu et al., 1986). Although some studiedidate that islets should be transplanted
unpurified, transplantation of purified islets shbube preferred to achieve appropriate

revascularization of transplants (Heuser et aD020



1.5 Magnetic Separations

There is a major disparity between the numbewaiflable organ donors and recipients in
need. Using current protocols 1 to 4 pancreas lmeagquired to restore normal blood sugars in
a single recipient. This is in large part due &wiations in islet recovery and potency and the
substantial losses in islet yield during organ prement and storage as well as islet isolation
and purification (Hering et al., 2002). Additiolyalwith porcine xeno-islet cell transplantation
providing much hope (Hering et al., 2006), imprayithe porcine islet isolation process has
become a worthwhile endeavorf-igure 1.4 shows the insulin independence achivethé
patients who received islets transplantation int lakecade (Michael et al.,, 2009).
Immunomagnetic cell separation provides a hightyaative alternative to density—dependent
methods for islet purification. The versatility wlagnetic fields makes them a useful candidate
for biological separations. Magnetic separatioreseninitially developed to isolate glomuruli
from murine kidneys by infusing iron oxide part€l@loyce Gauthier et al., 1988). Since islets
of Langerhans have a similar angioarchitecture ¢mse glumeruli, islets can be purified using
magnetic force (Pinkse et al., 2004).

The use of Dynabeads for islet purification wastfreported in 1989. Magnetic particles
coated with antibodies impart mobility to selectetls and allow separation by a magnetic field.
Magnetic fields have been used to select isletssapdrate them from the acinar tissue (Winoto-
Morbach et al., 1989b; Davies et al., 1995). Thgrde of purification achieved in rats nearly
reached hand selection quality (Muller-Ruchholtzakt 1987). By positive selection, many
unwanted tissue elements, such as lymph nodesiearsnd other ductal fragments, would not
contaminate the purified islets. Unlike the dgngitadient method, magnetic separation subjects

islets to little mechanical stress and requires teme for separation. Magnetic separations are



effective in any medium and are easily scalabléne Tise of quadrupole magnetic separation
increases the purity and yield of islets compaoedse of simple magnet (Davies et al., 1994).
1.6 - Quadrupole Magnetic Sorting

The QMS technology is based on a process knowmldsflew lateral transport thin
separation, also referred to by the acronym SPLIWhjch is a subset of Field Flow
Fractionation (FFF) technology. SPLITT was introglddy J.C. Giddings (Giddings et al., 1985)
to extend the capabilities of FFF to the separatiboolloids, macromolecules, and particulate
materials (Martin et al.,, 1992). Quadrupole maignsbrting (QMS) has been extensively
modeled and tested and proved successful for seadleseparation. QMS is a high-throughput,
high-gradient, continuous magnetic cell separasigstem. QMS was initially designed for the
positive separation of immunomagnetically labeledgle cells from nonmagnetic cell
population. Figure 1.5 provides a diagrammatiowad the QMS sorting mechanism. QMS
employs three subsystems for operation: a flundvfchannel, a magnetic field for particle
separation and pumps to regulate flow into andoduhe flow channel. A sample containing
labeled and unlabeled cells enters the flow chaa&glwith carrier buffer (b’). Separated
labeled cells (b) and unlabeled cells (a) leavefiing channel at the bottom. Separation is a
function of many factors including the enteringwloates, the total flow rate and the degree of
magnetization of cells. Cell labeling may be qifeett by the magnetophoretic mobility (Sun et
al., 1998; Williams et al., 1999; Hoyos et al., @Q0®cCloskey et al., 2003; McCloskey et al.,

2003a; Moore et al., 2004; Tong et al., 2007; &hgl., 2007).
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Figure 1.5: Schematic diagram of the quadrupole magnetic oeiés (QMS).
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1.7 — Magnetic Particle Tracking Velocimetry

Magnetophoretic mobility of magnetically labeledlgean be measured by a Magnetic
Particle tracking velocimetry (MPTV). Figure llkstrates the MPTV system MPTV leverages
current technologies in video microscopy, compptecessing speed and finite element analysis
for magnetic fields to measure the induced motidncells and particles in the highly
characterized magnetic and gravity field. The owwf the particles in the known field is then
translated into a characteristic parameter callagmatophoretic mobility in a magnetic field and
sedimentation rate in a gravity field. MPTV measunents involve videotaping the movement of
immunomagnetically labeled particles through a kmowiscosity medium and magnetic
susceptibility in a well-defined magnetic energysiey gradient. The velocity of each particle
along with its location within the magnetic enegnadient is recorded. From this information,
magnetophoretic mobility of each particle is cadtetl. A significant advantage of this method
over other techniques is that larger numbers d$ @@n be processed in very little time (Moore

et al., 2004; Chalmers et al., 1999; Zhang ekab2; Chalmers et al., 1999a).
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1.8 Magnetic Beads

Several manufactures like SpheroteghMiltenyi™, Invotroged™ produce magnetic
beads from 50 nm to 10 pm in size for biologicglasation applications. Some of the magnetic
beads available for separations are tested for thagnetophoretic mobility. After considering
the differences in the vasculature of the islets atinar tissue Dynabedtwere selected to use
for pancreas infusion to isolate islets from acitissue. Figure 1.7 shows the histograms of the
magnetophoretic mobilities of different magneticate from 50nm to 10um in size and

Dynabeads shows the highest mobility among theealts tested.

1.9 Research Objectives

The application of the QMS system for isolationséts can lead to greater efficiencies
and lower costs in the islet transplantation fop@y diabetics. The overall objective of this
research is to design and characterize a flow ataamd develop optimized conditions for islet

isolation using QMS. The specific objectives asdalows:

* To develop a reliable QMS process for isolatiorhoman islets from acinar tissue for
transplantation.

« To design and operate an improved MPTV to determiagnetophoretic mobilities of
islets.

* To optimize flow channel operation using computaaiofluid dynamics to simulate the

QMS flow channel to study the flow patterns andspuge variations.
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2. Computational Fluid Dynamics Simulation of a Quarupole Magnetic
Sorter Flow Channel: Effect of Splitter Position onNonspecific Crossover

2.1 Abstract

In the Quadrupole Magnetic Sorter (QMS) magnetictigdas enter a vertical flow
annulus and are separated from non-magnetic gl radial deflection into an outer annulus
where the purified magnetic particles are collesti@ch flow splitter. The purity of magnetically
isolated patrticles in QMS is affected by the migmatof nonmagnetic particles across transport
lamina in the annular flow channel. ComputatioRhlid Dynamics (CFD) simulations were
used to predict the flow patterns, pressure drapramspecific crossover in a newly designed
QMS flow channel for the isolation of pancreatiets of Langerhans. Simulation results were
compared with the theoretically and experimentaltermined results to validate the CFD
model. CFD simulations were employed to comparéopmance of two models of QMS flow
channels with differing splitter positions. Resutf the simulations were used to show that one
design gives up to 10% less nonspecific crossdwam ainother and this model can be used to

optimize the flow channel design to achieve maxinpurty of magnetic particles.

Keywords: Quadrupole Magnetic Sorter, Computational Fluid &wrcs, Annulus Flow,

Nonspecific Crossover
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2.2 Introduction

Insulin independence can be achieved in type letkslpatients by transplanting purified
pancreatic islets of Langerhans (Sakuma et al.8R0Bolation of the islets is the important step
in preparing the islets for the transplantationo dchieve high yields with required purities,
various islet purification techniques have beenettsped for isolation of islets from exocrine
pancreas tissue either by targeting islets or bgetang exocrine tissue (Soon-Shiong et al.,
1990; Winoto-Morbach et al., 1989), e.g. hand pigkof islets, fluorescence-activated sorting
by staining islets with neutral red (Gray et ab89; Jindal et al., 1994), or destruction of non-
islet tissue by laser energy (Brunicardi et al94)9 All of these techniques were successfully
employed to purify rat islets but failed to scafeto the human tissue digest volume. Present
human islet isolation processes rely on the demggdgient centrifugation method which depends
on small density difference between islets andaadissue. The density gradient centrifugation
process, however, has been identified as a potesttiace of islet mass loss and islet damage
due to mechanical stress associated with centtifuigand prolonged exposure to proteolytic
enzymes (Samejima et al., 1998; Pinkse et al., 2004

Quadrupole magnetic sorting (QMS) is a well-desthrend tested technology for
magnetic separations of single cells, e.g., stela (doore et al., 2001; Nakamura et al., 2001;
Lara et al., 2002) and has been successfully apphieseveral cell separations and purifications
(Sun et al., 1998; Tong et al., 2007; Jing et2007). When QMS, developed for single cell
separation, was used for isolation of islets, Jew purity was achieved with good yields. Low
purity is due to the size difference between sirnglés and islets (Shenkman et al., 2009). Islet
diameters are distributed between 50 to 500 micvamsreas single cell size is around 1 to 10

microns. It has been observed that the mechasioeds applied in QMS does not affect islet
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functionality after isolation (Shenkman et al., 900 To overcome limitations associated with
the commonly used density gradient method and t@ldp a technique that yields sufficient
number of islets to reduce the donor to recipietibrto 1:1, we redesigned (Kennedy et al.,
2007) and tested high capacity QMS to isolate perdlets of Langerhans.

In QMS isolation procedures particles of interedieled with magnetic micro particles
are isolated from unlabeled particles in a magrfetld while flowing through an annular flow
channel. Labeled particles migrate radially outhiara quadrupole magnetic field and leave the
channel on its outer periphery as a purified faacti The presence of any unlabeled particles in
isolated magnetically labeled particles is knownnasspecific crossover. The occurrence of
nonspecific crossover is of particular importancehe isolation of islets as the islets constitute
only one to two percent of the entire pancreasus]Bven one percent of nonspecific crossover
could reduce the purity of islets by 50 percenthefé are many factors that contribute to
nonspecific crossover in QMS, such as hydrodynafoices, particle concentration in the
sample, total flow rate, flow ratios, splitter infeetions (Williams et al., 2003; Williams et al.,
2003a; Williams et al., 2008) and splitter positioThe effects of splitter position, sample
concentration, total flow rate and flow ratios weested in this study. Computational fluid
dynamics software was used to predict the fluidvfleattern throughout the flow channel and

nonspecific crossover.
2.3 Materials and Methods

2.3.1 QMS and Separation Theory
The QMS technology is based on a process knowrplasflsw lateral transport thin
separation, which is a subset of Field Flow Fraetmn (FFF) technology that separates

immunomagnetically labeled islets based on their gmatophoretic mobility (m).
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Magnetophoretic mobility is defined as the veloctdly a particle per unit magnetic energy
gradient. A QMS system consists of three essenbaiponents: flow channel, magnet and
pumps. Separation takes place in the flow chamméth consists of a cylindrical core that is
concentric with an external cylindrical shell (Rigi2.1). The sample, consisting of magnetically
labeled islets along with unlabelled tissue pagticlenters at a’ close to the core through a
specially designed inlet: carrier fluid, enters dt@nnel at b’ adjacent to the outer wall. Both
flows merge at the end of the inlet splitter andtowe to flow at each side of a virtual surface,
known as inlet splitting surface (ISS) at distangdrom the center of the core.

ISS can be seen in the Figure 2.1 close to the aoderemaining at the same distance
along the fully developed laminar flow in the anmikegion of the channel. The outer flow rate
Qp is maintained higher than the inner flow ratg @ keep the sample flow near the core. A
second virtual surface known as the outer splitsngface (OSS) at a distancgsfrom the
center of the core separates the two outlets whrehseparated by the outlet splitter. The
distance between ISS and OS&shss, iS known as the Transport Lamina. Magneticalbelad
particles in the sample migrate radially and citbgstransport lamina and leave in the positive
fraction b. The unlabeled and weakly labeled pksi which cannot cross the OSS will exit in
the negative fraction a.

For an ideal separation in QMS with laminar flohe transport lamina thickness should
be zero as the unlabeled particles would not bearg to cross the transport lamina. However,
magnetically labeled islets are generally not unifin magnetization. A range of magnetization
is exhibited due to variation in the number of metgnparticles that enter the vascular structure
of islets. To completely isolate pure labeled ipkes, it is necessary to create conditions that

allow the least mobile particles to migrate actbssthickness of the transport lamina. The
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thickness of the transport lamina changes with gbann inlet and outlet flow rate ratios and
change in splitter position.

The patrticle trajectory in the annulus is describgdhe integral equation;

f o tvk)+v,
{dz-—{ e dk (1)

where v(k) is the velocity profile of the fluid in the annsluv,is the Stokes sedimentation

velocity of the particle in the fluid, (k) is the radial magnetophoretic velocity of thetgle

andk is defined as

k=— (2)
Herer is defined as the radial coordinate from the aeotehe flow channel core angis the
radius from the center to the wall. Upon the ind&gign of eq. (1) and simplification we can get

k
rOVsln( l)
oo QL) T

) 27T,SM, . AQ- kiz) My Sio

A @)

where m_is called the magnetophoretic mobility of the paeti S, is the magnetic force at the
inner surface of the outside wall of the flow chelnand v is sedimentation velocity of the

particle. A, A,and |, (k,k;) are functions used to simplify the calculationd are given by

A =(@1+kP-A) (4)
1-k?

A== (5)
In—

I,(k, k) =[4Ink = 2k? + 2A,(In k)z]tl (6)
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The radial position of the ISS, 4§ is calculated using the following integration fac(Kennedy
et al., 2007):

(K Kiss) = [2K* —k* +2A,K? Ink = Ak*]f 7)
Similarly, the position of the OSS can be calcwaising eq. (7) by replacingskwith koss
2.3.2 Experimental Measurements

The flow channel used for the experiments was daff@ototype I”. Nonspecific
crossover experiments were performed with nonmagpetticles, Cultisphefs macro-porous
gelatin-coated micro-carrier beads with diamet&igeaof 200 to 380 um, similar in size and
density to islets and fragments of exocrine tigsugancreas digests. The sample consisting of
cultisphers was introduced into the a’ inlet floineam and carrier buffer was introduced into the
b’ inlet flow stream by dual head Watson-Marlow ig&ltic pumps, and the positive fraction
outlet was controlled by a peristaltic pump whiéaving the negative fraction outlet to exit at
atmospheric pressure to maintain equilibrium ofvfia the flow channel.

Experiments were carried out at total flow raté2%0, 300 and 400 ml/min with inlet
flow ratio (Q,/Q) of 0.25 and at different outlet flow ratios 4(Q) 0.25, 0.3, 0.5 and 0.7.
Experiments were conducted at different sample eatnations to study the effect of particle
concentration in the sample on nonspecific crogsov&urbidity sensors are connected to
positive and negative fraction outlets to detestoabance. Nonspecific crossover was calculated
from the areas of the absorbance peaks.
2.3.3 Computational Fluid Dynamics

The commercial CFD code, FLUENT, was used for tineukations, and FLUENT's
preprocessor, GAMBIT, was used to generate flovdfimeshes. An unstructured mesh

consisting of tetrahedral volumetric elements ini8Mised in the entire domain. Velocity inlet
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boundary conditions with velocities normal to thine of the channel inlets with fluid
properties corresponding to water at 298K are se¢he inlets, outflow boundary conditions
corresponding to fully developed flow were usedtted outlets and the no-slip condition is
applied to all walls.

The geometry used for the first case is based engtladrupole magnetic separation
channel for islets, “prototype 1”. The length bfg flow channel is 254 mm with inner diameter
of the outer wall of 6.03 mm and core diameter.@85nm. Splitters with radius 5.588 mm and
thickness 0.14 mm are used at inlet and outlet.spAcially designed flow distributor with
diameter 5.96 mm is placed in the b inlet. Fordbeond case (prototype Il), the channel length
and outer wall diameter are the same as for Prqaotybut the core diameter is 5.08 mm and
inlet splitter diameter 5.58 mm with thickness Omh and outlet splitter diameter 5.84 mm with
thickness 0.14 mm. The two QMS separation flowndeds analyzed in the study are shown in
Figure 2.2.

2.3.4 Governing Equations

For flow in the QMS flow channel, FLUENT, a commeatcCFD package, is utilized to
solve conservation equations for mass and momentBhlJENT is based on a set of partial
differential equations maintaining conservation rodss and momentum. These equations
describe the convective motion of the fluid. Tlevlof conservation of mass applied to an
infinitesimal fixed control volume generates thatoouity equation in differential conservation

form:
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‘2—‘: +0.0V =0 (10)

The first term in the Equation 10 represents the odincrease in the density and the

second term represents the rate of mass flux gassinof the control volume. For a steady
incompressible flowp = constant an%? = 0which reduces Equation 10 to

oV = Oor@+@+@—0 (12)
ox o0y 0z

Newton's second law applied to a fluid passingughoan infinitesimal control volume

yields the momentum equation:
0, v
a(pV) +0.(pVV) =0, (12)

The first term in the Equation 12 represents tie odincrease of momentum per unit volume in
the control volume. The second term representsrabee of momentum lost by convection
through control surface. The forces applied byl stresses such as normal and shearing

stresses which can be represented by the stress#gn The stress tensor can be written as

ou, 2 ou,
,U[(Tj +§) —g 6_ (13)

Substituting equation 13 into equation 12 and dgilyiph produces the Navier - Stokes

equations:

DV 0 ou. au
— ==-o0.0p+v— Ty Iy 25 Tk
P Dt i=P ﬂ(axj ) % 0%,

x (14)

For a Cartesian coordinate system, Equation 14eaeparated into three scalar equations. The

conservation of momentum in the x-direction is gy
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Du__dp, 01, 07w 01, (15)
Dt ox  0x oy 0z

The conservation of momentum in the y-directiogii@n by

m:_@Jrarnyrar arzy

Y+ 16
P Dt dy 0x oy 0z (16)
The conservation of momentum in the z-directiogiven by
or
pPW__% 07, Oy 0T, (17)
Dt 0z 0X oy 0z
The viscous normal stresses are given by
2 du ov ow
T, =—Md2—-——— 18
* 3/{ ox oy 62} (18)
2 ov oJu ow
T, =—H 2——-—-—— 19
Y 3/{ dy ox 62} (19)
2 ow o0v Jdu
I, == 2————— 20
“ 3/{ 0z oy 6xj (20)
and the viscous shear stresses are given by
ov du
To =T, =M —*+— 21
v A{c?x ayj (21)
r,=T7, = /./(a—w +6_uj (22)
ox 0z
ow  odv
r,=T, =U —+— 23
e s ,u( oy azJ (23)

The first law of thermodynamics applied to a flpiaissing through an infinitesimal, fixed

control volume vyields the following energy equation
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%(ph)+ ﬁ(p\} h) = ﬁ.(k\?Tj—%(up)—aiy(Vp)_%(Wp)

0 0 0
+&(urxx)+a_y(uryx)+a(urzx)

Sor, o2 for, )+ Lor,)

0 0 0
+&(urxz)+a_y(uryz)+5(urzz) (24)

For most problems in gas dynamics, it is possiblassume an ideal gas, defined as a gas

whose intermolecular forces are negligible. Araldgas obeys the ideal gas equation of state:
p=pPRT (25)

In this study, the ideal gas equation of state gsduto calculate the density for the
compressible gas flow with change in pressure.

The continuity, x-momentum, y-momentum, z-momentarmd energy equations are
solved using FLUENT to simulate incompressible,ifean steady-state flow.
2.3.5 Discretization

The process of converting partial differential etu@s into a set of algebraic relations
that can be solved using a computer is called elization (Anderson, 1999). Discretization
involves two main steps: (1) converting the comtim partial differential equations into
algebraic relations and (2) converting the contusuphysical domain into nodes, volumes, or
elements where the algebraic equations will beesblv Discretization of partial differential
equations can be accomplished in many differentswayAmong those, the two types of
discretization used to solve problems in fluid maths and heat transfer are finite differences
(discretization of partial differential form of egtions) and finite volumes (discretization of
equations in the integral form).
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In the finite difference approach, the continuousbem or domain is discretized so that
the dependent variables are considered to exist anbiscrete points. In the finite volume
method, the conservation principles are applied fixed region or space known as the control
volume. Using the finite volume approach, eithentcol volumes are established first and grid
points are placed at the center of the volumesl-¢esltered method) or grid points are
established first and then the boundaries of thetrab volume are fixed (vertex-centered
method) (Tannehill et al., 2004). The finite vokimethod using the cell-centered approach is
used in this study to convert the governing equatiomto an algebraic form that is then solved
numerically.

A variety of methods are used for discretizing go¥erning equations using the finite
volume method. In this study, first-order and setorder accurate upwind methods are used.
The cell-centered method is used, solving the fio@perties at the cell centers; the values at the
interfaces (used to obtain cell fluxes) are obtdibg interpolating the cell-centered values with
an upstream direction bias. This method is called@winding scheme.

2.3.6 Solvers

FLUENT was used in this study to simulate flowsotigh the QMS flow channel. This
section discusses the FLUENT solver options thatused in this study. Governing equations
for conservation of mass, momentum, energy, andnala species are solved using cell-
centered control volume based segregated solver.

Using a segregated solver, the governing equatianmes solved sequentially (i.e.,
segregated from one another). Several iteratidnthe solution loop are performed before

obtaining a converged solution. The segregatecesblasic steps, shown in Figure 2.3, are:
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1. Initial guess of pressure, velocity and speciesspart quantities, such as mass flux, is
made.

2. The discretized Navier-Stokes equations (i. e., sr@om equations) are solved using the
guessed values of P*, u*, v*, etc. In this stepfioient to determine the fluxes through
the cell/boundary faces by conduction/convectian etThe flow variables (p, u, v, w,
etc.) for the entire domain (for each grid node) @irtained at the end of this step.

3. Once the flow properties are calculated, the caitiinrequation is next verified. If the
continuity equation is not satisfied, pressure aelbcity values (u, v, w) are corrected
using pressure correction equation. SIMPLE alboritis used for pressure-velocity
coupling.

4. Once the flow properties are obtained, other disz@eé transport equations are solved.
The initial guess for the transport quantities depicted in step 1. After solving the
transport equation, we get the transport propestieach node

5. In this step the flow and transport variables, wigd in step 3 and 4, at each node are
compared with values of previous iteration anddwsis are calculated using L2 Norm.
If the residuals are less than prescribed tolerdme#, the solution is final. If the
residual is higher than the tolerance limit, stdpshrough 5 are repeated until the
convergence criteria are satisfied. The initiabggivalues are replaced with values of

flow and transport variables obtained from the entiteration.

2.3.7 Pressure-Velocity Coupling Method
A pressure-velocity coupling is used to derive quation for pressure from the discrete
continuity equation. The SIMPLE algorithm is usedbtain a relationship between velocity

and pressure corrections to enforce mass consemvatid thus obtain the pressure field.
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2.3.8 Geometric Modeling

GAMBIT, a commercial pre-processor, is used to gateegeometric models used in this
study. FLUENT is used to solve the discretizedegning equations. For post-processing the
results obtained from FLUENT, TECPLOT are used. GAMis used to create a volume mesh
in the fluid domain. An unstructured mesh consgf tetrahedral volumetric elements in three
dimensions is used in the entire domain excepthatwalls, where a boundary layer mesh
consisting of prismatic volumetric elements is used

Figure 2.4 shows a sample mesh consisting of tulangelements on the splitter and
sample inlet. Figure 2.5 shows the unstructuredhmen the top inlet face along with the
prismatic boundary layer mesh on the inlet pipeegac The effect of using a boundary layer
mesh around the fibers and particles is also exaanry considering a case with an unstructured
mesh in the entire domain. Pressure drops onttbetsred and unstructured mesh around the
fibers and the particles varied by up to two toheiger cent; moreover, the unstructured mesh
results had significantly larger numerical erroressimated by a grid refinement study. The
accuracy of the fully tetrahedral mesh results d¢dwé increased by refining the mesh, but the
additional refinement is expensive in both compatatost and solution time. As a result, a
prismatic boundary layer mesh is used around therdi and the particles to reduce the

computation cost and to improve numerical accuracy.
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Figure 2.3: Flow chart for segregated solver usdtis study.
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Figure 2.5: Unstructured mesh along with the bampthyer on the inlet pipes

and channel face.
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2.3.9 Boundary Conditions

Three different boundary conditions used in thisdg are no-slip, velocity inlet, and
outflow. For laminar flows with zero velocity dbe wall, the no-slip boundary condition is
enforced at the walls. Velocity inlet boundary ditions are used to define the flow velocity
along with all flow properties at the inlet and some cases at outlet. Outflow boundary
conditions are used to model flow exits where th&aits of the flow velocity and pressure are
not known prior to solution of the flow problem.t Autflow boundaries, all of the necessary
boundary information is extrapolated from the iitter
2.3.10 Simulation Procedure

An iterative solution approach is employed where glolution is advanced in pseudo-
time until the steady state equations are satitbea specified tolerance. At each iteration the
governing equations are solved using a segregatedrs A finite volume technique is used to
solve the discrete form of the governing equationtle computational grid. The standard
SIMPLE algorithm is used in which the momentum emuns are first solved for the velocity
components. A pressure correction is then deteuhihat drives the velocity field towards
satisfying the mass conservation equation. Iteeatbnvergence is assessed by monitoring the
L2 norms of the steady-state residuals. The caever criterion is set to 10for all
conservation equations.
2.4 Results and Discussion
2.4.1 CFD Simulations: Flow Analysis and PressurBrop Predictions

One important feature of the flow channel is theigie of the flow distributor placed at
the carrier buffer inlet (b’) to obtain circumfetedly uniform flow in the flow channel.

Uniform flow around the core is important to maintdaminar flow in the annulus to yield
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minimum crossover and maximum isolation. Improvetaenade to the flow distributor design
were verified by CFD analysis. Figure 2.6 showesftbw distributor design with flow profile at
different distances downstream from the distributbrcoming fluid enters the distributor from
two branches. Direct flow through the distributarh these branches is prevented by the lack of
notches at the two inflow locations. The simulasichow the uniform flow developed by the
time fluid reaches the splitter end point.

CFD simulations are performed using the generdteafield meshes in order to predict
the pressure drop and analyze the details of dveift the flow channel. A plane is extracted at
the center of the domain (i.&53.01625 mm) and displayed as a colored ring ferddse with
total flow rate 400 ml/min with inlet and outleb¥ ratio 0.25. The velocity magnitude contours
are shown in Figure 2.7a for sample (a’) velocit9S0m/s and buffer (b’) velocity 0.15 m/s.
Careful examination of the calculated fluid velgcpgrofiles revealed that the flow was fully
developed within a relatively short distance of sipsitter edge for every ratio of inlet and outlet
flows.

Figure 2.7b shows the velocity profile at the meldf the channel. Pressure magnitude
contours are shown in Figure 2.8 along with thesguee gradient found from CFD simulations
plotted against total flow rates compared withttheoretically calculated pressure drop using the
Haigen-Poiseuille equation for annular pipes. Fagi8b shows that the pressure drop predicted
using CFD is in good agreement with theoreticatwalions with pressure drop increasing with

the increase in total flow rate.
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2.4.2 Nonspecific Crossover

The new design of the flow channel is tested fanspecific crossover at different total
flow rates ranging from 250 ml/min to 400 ml/minput flow ratios (Q/Q), outlet flow ratios
(Q4Q) ranging from 0.25 to 0.7. When flow rates less1tB&0ml/min were used, cultisphers
settled in the tubing and clogging of the inlet walsserved. The effect of the particle
concentrations in the sample and total flow rategh@ncrossover was examined. Some of these
experiments were also conducted with pig pancressits not presented) and the same results
as with cultisphers were observed. CFD simulatiwase conducted for all of these cases using
the discrete phase model and compared with theriexgetal results. Nonspecific crossover
(Sy) is calculated as the ratio of non-magnetic pkadi¢eaving in positive collection ¢Nto the
particles leaving in both negative Mind positive collection.

N,
S =—b9 26
N, + N, (26)

Figure 2.9 shows the nonspecific crossover of €piters at different outlet flow ratios
and at fixed inlet flow ratio of 0.25 and total ilaate of 400ml/min. These experiments were
conducted with the flow channel design prototypm lwhich the inlet and outlet splitters have
the same 5.58mm diameter. A clear decrease inpecii€ crossover with increase in outlet
flow ratio is observed because the increase inebtitbw ratio increases the transport lamina
thickness. Figure 2.9 also presents the comparigononspecific crossover obtained from

experiments with prototype | and CFD simulationeiceed crossover for prototype Il. Good
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agreement is found between experimental results GIAO simulation-predicted values with
same prototype flow channel with less than 10%at@n. This deviation might be due to the
negligence of particle-particle interaction in CHBodeling. CFD-predicted crossover for
prototype Il is compared with that of CFD prediaoand experimental values with Prototype 1.
Crossover is slightly less for prototype Il whemared to prototype I. The diameter of the
outlet splitter is increased in prototype Il whigitreases the transport lamina thickness and
reduces the number of nonmagnetic particle thatelea the positive fraction. Straight line in
the figure 2.9 represents the ideal flow of thédflwithout solid particles.

Figure 2.10 shows the crossover of nonmagnetiécpestat different total flow rates in
the Prototype | channel at a fixed inlet and ouflietv ratio of 0.25. Experimental crossover
values increase with decreasing total flow ratesthes hydrodynamic lift forces move the
particles away from wall at low flow rates whicheeparticles to cross the transport lamina and
leave in the positive fraction. Crossover obtaifredn CFD simulations for different total flow
rates are under predicted by 5 to 10 percent fmopyrpe I. Comparison of calculated crossover
values at different total flow rates for the twoofmtypes shows a decrease in crossover for
prototype Il due to the increase in transport larinickness resulting from the outlet splitter
position.

Figure 2.11 shows crossover values at differentptarooncentrations at a fixed total
flow rate of 400ml/min. Outlet flow ratio is maaihed equal to inlet flow ratio at 0.25.
Increasing cultisphers concentration increasesp#récle-particle interaction which results in
more nonspecific crossover. Higher concentratmfngarticles during experiments also clogged
the flow paths in the sample inlets. CFD simulagigredict decreased crossover with the new

design prototype 1l when compared with the protetip
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2.5 Conclusions

CFD simulations of flow pattern performed on thevnagesign of QMS flow channel
confirm circumferentially uniform flow developmeatound the annular channel. Quantitative
agreement between experimental measurements gbedfis crossover and prediction based on
CFD modeling of the fluid flow was shown. For 8w conditions, crossover predicted by
CFD simulations was found to be slightly lower thexperimentally observed results. This
difference may be due to the contribution of cressdrom other factors such as patrticle lift and
particle interactions. Diffusion was not considenredhe CFD modeling. The good agreement
between experimental and CFD predicted resultsvaliothe performance of simulations with
different channel prototype models to develop aigieso minimize nonspecific crossover.
Though increasing the diameter of the outlet splittiecreases nonspecific crossover the
diameter needs to be optimized based on the yfehdagnetically labeled particles with change
in splitter diameter. Therefore future CFD simiglas must include the migration of the

magnetic particles.
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3. Application of Magnetic Particle Tracking Velocimetry to Quadrupole
Magnetic Sorting of Porcine Pancreatic Islets

3.1 Abstract

Magnetic isolation is a promising method for sefiag and concentrating pancreatic
islets of Langerhans for transplantation in Typéiabetes patients. We are developing a
continuous magnetic islet sorter to overcome tl&ictions of current purification methods that
result in limited yield, viability and purity of éhisolated islets. In Quadrupole Magnetic Sorting
(QMS) islets are magnetized by infusing superpaggrec microbeads into islets’ vasculature
via arteries that serve the pancreas. The perforenaf the islet sorter depends on the resulting
speed of the islets in an applied magnetic fieldraperty known as magnetophoretic mobility.
Essential to the design and successful operatioth®fQMS is a method to measure the
magnetophoretic mobilities of magnetically infugsigts. We have adapted a magnetic particle
tracking velocimeter (MPTV) to measure the magnetoptic mobility of particles up to
1000pum in diameter. Velocity measurements areopmdd in a well-characterized uniform
magnetic energy gradient using video imaging foddwpy analysis of the video images with a
computer algorithm that produces a histogram oblais mobilities. MPTV was validated
using surrogate magnetic agarose beads and sulgjehem to QMS. Mobility distributions of
labeled porcine islets indicated that magnetizé&tsshave sufficient mobility to be captured by
the proposed sorting method, with this result coméd in test isolations of magnetized islets.

Keywords. Particle tracking velocimetrymagnetic flow sorter, pancreatic islets isolation,

magnetic particles.
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3.2 Introduction

Magnetic isolation of islets is gaining in popiuthardue to its ease of use, speed and
selectivity. Current islet isolation procedures @®p on centrifugation in density gradients.
They are limited in their throughput and separatefficiency, and they subject islets to
potentially detrimental physical stresses (Londorale 1998; Soon-Shiong et al., 1989). To
address the problems with throughput and efficiemcgontinuous flow quadrupole magnetic
islet separator was developed (Kennedy et al., RO&&sential to the design and operation of
such a device is a method to measure the magnetimhmobilities of magnetically infused
islets.

The magnetophoretic mobility of a particle indesbow responsive the particle is to an
applied magnetic field. Paramagnetic particlesehpusitive susceptibility and move toward
increasing magnetic field intensity. Islets aredered paramagnetic by infusing the donor
pancreas with paramagnetic microspheres such aalewds®. Beads capture efficiency varies
with the age of the donor and pancreas weight #ledta the magnetophoretic mobility of the
islets.

Several different techniques have been used touredse magnetophoretic mobility of
paramagnetic particles, including the use of visnalroscopic observation of the movement of
the labeled particle with stopwatch and magneto+ogtry (Gill et al., 1960; Davis et al., 1993).
Magnetic Particle Tracking Velocimetry (MPTV) meessi cell surface antigen counts through
the quantification of antibody binding capacitiéB8C) (McCloskey et al., 2001; Melnik et al.,
2001; McCloskey et al., 2000; McCloskey et al., P&0and can be used to characterizes
magnetophoretic mobilities of nano and micro-péatiqHaefeli et al., 2002; Zhang et al., 2002;

Chalmers et al., 1999) and living cells (Chalmdrslg 1999). Two important features of the
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MPTV apparatus set it apart from other magnetickireg technologies: 1) the use of an
isodynamic (i.e. constant-force) magnetic fieldradicated by S, = constant”, and 2) capacity
to track a large number of individual particles, i@10,000, in a fraction of an hour. Both
features are essential for high accuracy and poecf the MPTV analysis (Sridhra Redy et al.,
1996; Moore et al., 2004; Zborowski et al., 2003Jhose features are at the basis of the
competitive advantage of the MPTV over other magnetotion analyzers described in the
literature that are based on single-particle aiglys high-gradient magnetic fields which are
difficult to measure(Watarai et al., 2001; Wanabalg 2004; Suwa et al., 2004).

MPTYV leverages current technologies in video micops/, computer processing speed
and finite element analysis for magnetic fieldsmeasure the induced motion of cells and
particles in the highly characterized magnetic grality field. The motion of the particles in
the known field is then translated into a charastierparameter called magnetophoretic mobility
in a magnetic field and sedimentation rate in avigyafield. MPTV measurements involve
videotaping the movement of immunomagnetically ledbgarticles through a known viscosity
medium and magnetic susceptibility in a well-defimeagnetic energy density gradient. The
velocity of each particle along with its locatioritlwn the magnetic energy gradient is recorded.
From this information, the magnetophoretic mobibfyeach particle is calculated. A significant
advantage of this method over other techniquelsaislarge numbers of cells or particles can be
processed in a very short time.

Present MPTV devices developed to measure magretetph mobility of cells have
problems with flow cells and data analysis softwdieey also have fixed amount of magnetic
field strength and are only able to measure madsliof single cells. The MPTV described here

in measures magnetophoretic mobilities and sedimtient rates of cells and large particles like
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islets with reliable software and variable magnéttd strength. The software developed for
MPTYV also gives the optimum parameters to use ®RMS to achieve isolation with maximum
purity and yields. This paper explains the featuoé a refined MPTV system with results

obtained with large particles including porcine g@atic islets of Langerhans.
3.3 Theory

The following analysis applies to the use of MPTYplked to the isolation of
magnetically labeled pancreatic islets of Langeshéy quadrupole magnetic sortingjhe
magnetophoretic mobility @) of a particle is defined as the ratio of the eélpof the particle
in the magnetic field,uto the magnetic field energy gradient, S

Uy

H, :S_ (1)

m

Any population of magnetically labeled particledisits a statistical distribution ofjbased on
several characteristics. Mobility of the pancreasiets depends on the number of magnetic
Dynabead$ infused into each islet. The following equatigates the Dynabeads and islet

properties to the magnetophoretic mobility of amiamomagnetically labeled islet.

_ NodyV

b 2)

m

Where i is the number of Dynabeadsy is the difference in magnetic susceptibility betwe
the medium and the beads,i¥ the volume of a bead,is the viscosity of the medium, B the
diameter of the islet.

The magnetophoretic mobility distribution measurgging MPTV is used to
predict the QMS output fractions based on the eefittow rate parameters. QMS is a split flow
type continuous magnetic sorter developed to sépanagle cells by labeling specific cells with

magnetic beads. QMS was improved to isolate Dyaddenfused islets from exocrine tissue
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based on their magnetophoretic mobility,\i{Kennedy et al., 2007). Figure 3.1 describes the
basic QMS mechanism for isolation of magnetic detisn nonmagnetic cell populations. QMS

can be operated continuously with labeled isletth winlabeled tissue entering at inlet a’

(sample) and carrier buffer at inlet b’ (buffer)daisolated islets exiting the system at outlet b
(positive), unlabeled tissue at outlet a (negatig®me of the tissue which are labeled high
enough to reach the wall of the flow channel wiltlsto the wall and can be collected at end of
the isolation process and is considered as Wallf(éétion. The boundary between inlet flows

is called as Inner Splitting Surface (ISS) and bloendary between outlet flows is called as
Outer Splitting Surface (OSS). Distance betwee® a8d OSS is called the Transport Lamina.
The first critical mobility whereby a patrticle enteg the flow channel at the ISS just reaches the

OSS and is eluted into the b (positive) fractiordentified as po and is defined by

U= 2 Q |1(€|$1gcgss) + IoVs In(foss/€,$) (3)
”oLSmo AI.(l_gi) I-S‘mo

Where ¢, is the radial position given by, =r/r, and 7,/ «,/ .« COrrespond to wall, ISS and

OSS. L is distance between two splitters., A,and 1, (¢,¢,) are functions used to simplify the

calculations and are given by

A=@L+07-A) 4)
1-/2

Ap=—7 (5)
In—

1, (¢,0,) =[4In 0 =202 +2A,(In0) ]} (6)

The radial position of the ISS, is calculated using the following integration fac{ennedy

et al., 2007):
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1, (0, 0s) =[207 = 0% +2A 0% In 0 = A %] 7)
Similarly, the position of the OSS can be calcwaising eq. (7) by replacing, with 7 .

The second critical mobility whereby a particleerintg at the wall of the core reaches the OSS

and exit with the b fraction is identified ag;and is defined by

Q Il(gi’KOSS)_'_rOVSIn(€O$/€i)
2m,LS,, A@-(?) LS

'm0

Hm = (8)

The third critical mobility whereby a particle ente at the ISS reaches the wall of the shell and

may be trapped in the flow channel is identifiediasand is defined by

4, = Q  hi(lissils) | ToVsIN(ly /1)
" 2m,LS,, A@l-/?) LS

mo0

(9)

The final critical mobility whereby a particle ertey at the core wall reaches the wall of the

shell and remains on the wall is identified as and is defined by

— Q +rOVs|n(£i/£o)
2m,LS A, LS.,

tum3 (10)

All the particles with m<mexit in a fraction, po< Ur=> Mm1 Will exit either in a or b fraction,
Mmi< U Mmz Will exit in b fraction, < im> Ums Will exit in b fraction or become trapped on
the flow channel wall andq® uns with be trapped on the flow channel wall.

3.4 Materials and Methods

3.4.1 Particles and Viscous Liquid

Three types of magnetic particles with similar siaages and different magnetization
were used for this study. Agarose magnetic beadss¢ince Beads, RI) with diameters 250-
350 um and magnetite loading of 0.5%, 1% and 6%diyme were used for testing. As the

particles used for testing settled very rapidlythe aqueous solution, high-viscosity liquid was
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prepared by dissolving Fic8ll(400,000 MW) (Sigma-Aldrich) to maintain the pel#is in
suspension while measuring their mobilities.
3.4.2 QMS System

QMS is a split flow type continuous magnetic sodeveloped to separate single cells by
labeling specific cells with magnetic beads. QM&svimproved to isolate Dynabeads infused
islets from exocrine tissue based on their magretegiic mobility (i) (Kennedy et al., 2007).
Figure 3.1 describes the basic QMS mechanism étaitisn of magnetic cells from nonmagnetic
cell populations. QMS can be operated continuousti labeled islets with unlabeled tissue
entering at inlet a’ and carrier buffer at inletdsid isolated islets exiting the system at outlet b
and unlabeled tissue at outlet a.
3.4.3 Magnetic Particle Tracking Velocimetry

The MPTV technology is comprised mainly of four qmmnents (Figure 3.2): a sample
channel containing the suspension of cells andigest a magnet capable of providing a
constant magnetic force in the sample channel zopeimp for introducing fluid and sample, a
video microscope capable of imaging the sample watious degrees of magnification, and a
computer capable of capturing and processing ttheovimages for particle mobility analysis.
3.4.4 Magnet Assembly

The custom designed magnet assembly is comprisedbafse plate, two neodymium-
iron-boron (NeFeB) magnets and two 1018 carborl ptde pieces. The pole pieces are shaped
to match a very specific modified hyperbolic prefilThe magnetic force is perpendicular to the
direction of gravitational force so magnetophoretiobility measurements are independent of

sedimentation velocity, which can be used indepeiigléo estimate particle dimensions.
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3.4.5 Fluid System

The stopped flow channel consists of a borosiligdéss channel with square (2 mm)
cross-section. One end of the 6 cm long flow ckeamconnected by a pair of solenoid pinch
valves to a disposable 50 ml syringe for samplectipn and a 50ml syringe for priming buffer
while the outlet end connects into a waste vedd®. observation channel is positioned within
the magnet assembly and is sandwiched betweenidiee \ens and the backlight. Vacuum
pump and pinch valves were used to control the Eafigw into and out of the channel.
3.4.6 Imaging System

The selection of the video microscope system comapiznand their operational settings
is critical, as the pixel size, field of view, mafiyration, and frame capture speed dictate the
maximum and minimum velocities and particle siZest tan be accurately analyzed. Particle
movement in the flow channel was recorded withasgnopper 2.0MP B&W, 1394b, and 1/1.8
inch CCD camera (Point Gray, AZ) operating at 3@nfes per second with 1x objective
(Edmund Optics, NJ) mounted on a ¥z inch Manualstedion stage (Thor Labs, NJ). Light was
supplied by dark field illumination using a whitght source (Edmond Optics, NJ).
3.4.7 Analysis of Video Data

Image processing software converts the video data useful velocity data and
corresponding property data such as hydrodynandmgsaand magnetophoretic mobility. A
program named “Cytotest” first thresholds the insag¢o binary black or white images based on
a user-defined gray-level threshold. This elimisapixels that are below certain brightness,
leaving the light-reflecting particles visible ihet image records. It then identifies particles or
cells in each frame of the video file using a pesgmamed “OpenCV” in which cells & particles

outside a specific size range are rejected. i Hgarches successive frames in the video record
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to identify particle movement by connecting theksof each identified particle to its match in a
successive frame. Proprietary predictive and adaptigorithms are employed to improve the
accuracy of particle matching across frames amdirgdite bad tracks. The track lengths are then
converted to a rate of travel in pixels per milised, and that rate is converted to a
magnetophoretic mobility measurement based on #gnet strength and image pixel size. That
value is recorded in a histogram with other trag&bmited by logarithmic bin sizes and plotted
in the software.
3.4.8 Experimental

The camera lens was adjusted to visualize theaaeion of the sample cell at constant
magnetic energy gradient using the MPTV translastage. Particle suspensions were injected
into the sample cell using a syringe after primihg cell with buffer using a vacuum pump.
Fixed volumes of the particle suspension typicaityl to 5ml were injected into the field of view
to observe the magnetic deflection of the particlBarticle samples were pumped in a direction
opposite to the direction in which the magneticrgpegradient operates on the particles then
stopped. Particle deflection was observed withluaiol fvelocity so that particle motion was only
due to magnetic and gravitational force. Succesgdblumes of the suspensions were injected to
obtain several series of deflection images at@ o&B0 frames per second. After analyzing the
samples in MPTV, the optimized parameters givensbfgjware were used to run QMS with
magnetic particles. Outlets from QMS were countdpfarticle concentrations by microscope

and compared with MPTV predictions.
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3.5 Results and Discussion

Several improvements were made on cell trackingcimetry to facilitate measurement
of the magnetophoretic mobility of much larger mdes such as pancreatic islets and to obtain
essential data to set the parameters of the QNkdlate the magnetic fraction (islets) from non-
magnetic fraction in QMS. A newly built MPTV wassted with Dynabeadsto evaluate
performance. Figure 3.3 shows a histogram of tlagmatophoretic mobility of Dynabedts
developed by MPTV. The magnetophoretic mobilityswabtained by dividing the MPTV
determined particle velocity by the magnitude oé thnagnetic energy gradienty,S6.275
TA/mm?. Particles with mobility less than 10m*TAs are considered as underflows. Figure 3.5
is the tracks developed by MPTV for one set of ygwls moving magnetically in the sample
cell. Dark spots in the Figure 3.5 are the distades on the sample cell wall, for example, were
neglected when tracking by thresholding the imagésy of these disturbances measured as
tracks were characterized as “underflows” (parsickdth zero mobility). These are seen in
Figure 3.3 as a vertical line at“1on mobility axis.

The important development made to the MPTV is thidita to predict the QMS flow
parameters required to get the desired isolati@edan the mobilities measured using MPTV.
Figure 3.4 shows the histograms developed by MPditHe three outlet fractions from QMS
for Dynabeads based on the mobility predictions tfer total flow rate in the QMS of 400
ml/min, inlet flow ratio of 0.2 and outlet flow #atof 0.4. Underflows are neglected while

predicting the flow parameters.
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The expression of particle magnetization from thewtion in a magnetic field is a
compound quantity depending on particle size, magneslocity and field gradient. Field
gradient in the measurement region is assumed toohstant. Size of the three different
magnetic particles used in this study is maintaisiedilar in size. So the variation in magnetic
mobility is due to the magnetite loading in thetjuégs. Variation in the magnetite concentration
changes the velocity of the particle in the magnéted, which is measured by the MPTV.
Three different magnetic particles with magnetvading 0.5%, 1% and 6% were used for
MPTV studies.

Figure 3.6 shows the histogram of the magnetic orlirads BSI. The x-axis represents
the magnetophoretic mobility values of the magnbgad on a log scale and y-axis represents
the fraction of the beads with specific magnetoptiormobility. Mobilities were measured in a
high viscous Ficofl medium to avoid settling of the micro beads whileasuring the velocity
due to magnetic field. Histograms are plotted waitbbilities calculated for water based on the
viscosities. Mobilities are measured for the beads minimum size of 250 um and maximum
size of 350 um by omitting the other smaller arghbr beads. Total 126 beads are tracked with
2030 tracks. Beads with mobility less than*d@re grouped as under flows.

Figure 3.7 and 3.8 shows the mobility histogramsnf@gnetic micro beads BSII and
BSIIl. Results generated with 147 beads with 263d2ks for BSIl and 186 beads with 3276
tracks for BSIII were plotted. MPTV can analyzega number of particles in small amount of
time on a particle-by-particle basis. As the imtide concentration varies in beads BSI, BSII
and BSIII, which changes the density of the beameasurements were done with Fi€oll
solution with appropriate density to avoid the Is&dt of the particles in the sample cell. The

required density of the medium was 1.36 g/corresponding to Ficdll400 having viscosity of
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10.8 Pa s. Particle velocities were corrected fiecosity when calculating magnetophoretic
mobilities. Mobility histograms show the increasethe average and maximum mobility of the
beads with the increase in the magnetite concémrétom beads BSI to beads BSIII and these
histograms indicate that significant differencesniagnetophoretic mobility can be detected
between magnetic beads.

Magnetophoretic mobility measurements and flow deameters prediction made by

MPTV software were tested by conducting the expenits in QMS using the pure magnetic
beads. Figure 3.8 shows the comparison of thagti@as and experimental results for the three
outlet fractions from QMS for magnetic particlesIBEhe QMS isolation process was controlled
by three flow parameters: total flow rate (Q), infow ratio (R=Q4/Q), Outlet flow ratio
(Ro=Q4/Q). These flow rates were fixed based on the mredsmagnetophoretic mobility of the
magnetic beads. The critical mobilitiegopand L, were selected to maximize the amount of
beads in the b fraction. The flow rates predictextie Q = 400 ml/min, R= 0.25 and R= 0.4
corresponding to critical mobilities for beads B& pmo = 14.79X10" m*TAs and h, =
1.355X10" m¥/TAs.
Figure 3.9 is the recovery of the particles in fadictions. Total recovery of the magnetic
particles during the experimental isolation with QMvas 98%. The loss of some magnetic
particles was due to the settling of the partighethe inlet tubes and at the bottom of the flow
channel. MPTV predicted ‘a’ fraction recovery wagh compared to the experimental isolation
as the MPTV predicted ‘a’ fraction also containsmsodisturbance tracks. Predicted and
experimental ‘b’ fraction recovery is very low besa the magnet strength of the QMS is high
enough to capture most of the magnetic particlesoothe wall of the flow channel. The

difference in the wall fraction recoveries is doghe difference in the ‘a’ fractions which
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affected the total recovery. Figures 3.10 and 3hbw the experimental outlet fractions
compared with MPTV predictions and recoveries feads BSIl and BSIII.

Figure 3.12a shows the histogram of magnetophoratbilities of the porcine islets
isolated from acinar tissue with QMS (Chapter hese are the islets from the b fraction of the
QMS operated at a total flow rate of 400 ml/min amigt ratio of 0.4 and outlet ratio of 0.6.
Islets were infused with Dynabeads. After MPTV @leped the mobility histogram, QMS flow
parameters for the islets isolation were set to4Q6 ml/min, Qa’/Q = 0.4 and Qa/Q = 0.6 and
fractional recovery histograms were generated.urgi®.12b, 3.12c and 3.12d shows the MPTV
predicted fractional recovery of each outlet of QMBhese histograms show that more than 90%
of the islets used to measure the mobility exithie b fraction. Islets that are in the ‘a’ fraction
histogram show the nonspecific crossover in theg isblation experiments. This also confirmed

the efficiency of the MPTV to predict the QMS partars based on the measured mobilities.
3.6 Conclusions

The purpose of this study was to develop a MPTVhaasure the mobility of magnetic
particles up to 1000 microns in size and to predjgtimized flow parameters based on the
magnetophoretic mobilities to isolate magneticipkas$ from nonmagnetic particles using QMS.
The capability of newly developed MPTV in measuringagnetophoretic mobility was
confirmed with the measurements of the mobilitiéshe standard Dynabedts MPTV was
successfully used to measure the mobility of magngrticles up to 500 microns in size with
different mobilities. MPTV’s ability to predict éhoptimized flow parameters was also tested
successfully with magnetic particles and the iswlaislets of Langerhans as it is the final

application of the MPTV. MPTV can be used onlire dnalyze the mobilities of the
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magnetically infused islets and to predict the flparameters before sending tissue through

magnetic field to isolate using QMS.
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4. QMS lIsolation of Porcine Islets of Langerhans

4.1 Abstract
Pancreatic islet transplantation offers a viabléioopto achieve permanent metabolic

control in Type 1 diabetes patients. However,daggantities of pure viable donor islet cells are
necessary for transplantation. Using currentlyilake islet isolation methods multiple donor
organs are required to achieve successful trarnspiam, and there is a demand for an isolation
method with high islet yield and viability. Additially, with porcine xeno-islet cell
transplantation providing much hope, improving pleecine islet isolation process has become a
worthwhile endeavor. To achieve isolation with higarity and yield Quadrupole Magnetic
Sorting (QMS), a single cell separation methoddsg modified for the isolation of pancreatic
islets. Islets are infused with magnetic4.6pm Dyaals® and separated continuously with
QMS. Results from 10 porcine pancreas isolationkcated the possibility of infusing islets
with magnetic beads and isolating them continuquisigreby reducing the exposure time of
islets to digestive enzymes. QMS isolated islemw&d good morphology compared to those
isolated by the standard COBE centrifugation metf@”ygen consumption rate (OCR) per
DNA measurements confirmed the viability of theeisl after isolation. The QMS isolation
method can save post-isolation culture time angdsh&d eliminate the mechanical stress due to
centrifugation of the islets. Restoration of euglyta in diabetic nude mice transplantation
experiments results confirmed Dynabeads do notttife functionality of the islets.

Keywords. magnetic flow sorter, pancreatic islets, magnetidigles, diabetes, islets isolation
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4.2 Introduction
Whole pancreas transplants or transplants oftslpancreatic islets can achieve insulin

independence in type 1 diabetes (Shapiro et aliQ;2Bering et al., 2005; Frank et al., 2004;
Froud et al., 2005). Whole Pancreas transplanludes complex surgery and involves
significant morbidity and mortality. Even 20 yeaafter the first successful clinical islet
transplantation the goal of donor-to-recipientcadf 1:1 is still elusive. While significant
progress has been made towards achieving thistolgiemost transplants require two, three, and
in some cases even up to four infusions of panicresdéts from separate donors before insulin
independence is realized.

Islets constitute only 1-2% of the pancreas voluarel their isolation and purification
are stressful mechanical and enzymatic procedinascian inflict significant damage, which
may be further amplified by prolonged times of waand cold ischemia (London et al., 1994).
Current clinical human islet purification protocalsly on a density gradient centrifugation
method which depends on the small density diffezsrimetween islets and exocrine tissue. As
the density of the exocrine tissue depends on ¢ieech the donor and progress of enzymatic
digestion, over which there is no direct contrality of islets attainable low and inconsistertt. |
is generally accepted that there are substansakkin islet yield and potency during digestion
and purification (Hering et al., 2002). During thecess of enzymatic digestion and subsequent
purification, liberated islets encounter immenseesstes caused by, among other factors,
hypoxia, sudden and repeated changes in temperatuear forces, disruption of cell matrix
interactions, removal of critical growth factorsjgih concentrations of reactive oxygen
intermediates, proinflammatory cytokines and exp®sto hyperosmolar density gradients.
Density gradient method also has undesirable affestislets like exposure to high mechanical

stress, toxic chemicals and prolonged exposuredteglytic enzymes (Samejima et al., 1998;
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Pinkse et al., 2004). Additionally, with porcinenxeislet transplantation providing much hope (
Hering et al., 2006), improving the porcine isleblation process has become a worthwhile
endeavor.

Magnetic micro-particles coated with antibodiegavased to successfully isolate islets
from rat pancreas by targeting exocrine tissue (aet al., 1995; Winto-Morbach et al., 1989;
Davies et al., 1994; Davies et al., 1997). Theomapjective in these studies was to enhance
secondary purification following isolation and peny purification with standard density
gradients and centrifugation. Positive selectiorsiglts is more desirable than negative selection,
as positive selection would also allow subsequeagmatic manipulation of islets (Nandigala et
al., 1997). These techniques used bar magnetsotate islets in a batch process. These
techniques fail to get high purities as inter-iskebding formed capture nets and retained
significant amounts of acinar tissue, and monodlangbodies were found to easily shear off of
tissue under gentle handling.

Magnetic separation of glomeruli from kidney tisswas achieved by directly infusing
the iron oxide particles into renal vasculature (theer et al., 1988). It had been observed that
pancreatic islets and renal glomeruli have siméagioarchitechtures. Pinkse et al. (2004)
infused unlabeled paramagnetic microbeads dirantly the vascularization of rat pancreata
prior to enzymatic digestion (Pinkse et al., 200sults showed that the microbeads were
preferentially captured in the islet vasculatutgttthe islets were easily purified, and that the
purified islets could reverse insulin dependenceradents. This process was successfully
applied to human islets to achieve maximum of 80&tdg but only 40% purity. Iron oxide
particles were replaced by Dynal® D-450 Dynabeade®label only islets by taking the

advantage of the hypervascularity of islets congbarieh acinar tissue (Tons et al., 2008).
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Quadrupole Magnetic Sorting (QMS) technology depet for stem cell separation was
successfully applied to purify porcine islets ofngarhans with high yields but with very low
purity ( Shenkman et al., 2009). It has been oleskthat mechanical stress applied in QMS or
the magnetic beads present in the islets do nettafslets functionality (Shenkman et al.,
2009a). To overcome the limitations of the dengigdient method and to develop a technique
which makes donor to recipient ratio to 1:1, weessgned and tested QMS (Kennedy et al.,
2007) to isolate porcine islets of langerhans as sas they are liberated from the pancreatic

tissue mass.
4.3 MATERIALS AND METHODS

4.3.1 QMS and separation theory

QMS is a type of split-flow thin channel continoisolation device (Sun et al., 1998;
Tong et al., 2007; Jing et al., 2007; Hoyos et 2003). Figure 4.1 shows the design and the
mechanism of the QMS for isolating magnetic islgtsn non-magnetic tissue. Briefly, the
system is composed of an annular column with a eanic inlet splitter to separate the islet
suspension inlet (a’) from the carrier buffer infbt) and an outlet splitter to separate the outlet
for isolated islets (Positive Fraction, b) fromttfiar nonmagnetic tissue (Negative fraction, a).
The column is centered within the bore of a streia¢bach quadrupole magnet and by the effect
of magnetic force, islets previously infused witlynabeads are deflected outward into the
positive fraction or onto the wall. Unlabeled tissis collected in the inner, negative fraction.
The magnetic field is provided by four neodymiumriboron permanent magnets and four pole

pieces with a maximum magnetic field strength efquadrupole, 8 of 0.714 T.

86



Buffer Sample
Inlet (b") Inlet (&")

o Magnetic

Splitter Particle

o Non-magnetic
Particle
ISS

0SS

Positive

Negative Fraction (b)

Fraction (a)

Figure 4.1: Schematic diagram of the quadrupolermatig cell sorter (QMS) showing separation

of magnetic from non-magnetic particles.
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The fluid trajectory in the annulus is well docurtezhand is described by the relation:

z _5 V(é)
_([dz— imdd (4.1)

Where y, is the velocity of the magnetic particle in thegmatic field, o is the radial position,

v(0) is the velocity profile of fluid flow. As the deitg of the islets is high enough to sediment

in the flow channel, adding the Stokes’ sedimeatatielocity (v, )to the velocity relation gives:
z o
J'dz = jm do (4.2)
0

4.3.2 Magnetophoretic Mobility
The QMS system’s ability to isolate magnetic besdfdsed islets depends on the
magnetphoretic mobility of islets, which indicatbe degree to which the islets are infused with

Dynabeads. The magnetophoretic mobility,, can be calculated by measuring the velocity of

the magnetic particle in the constant magneticgngradient.

\
= 4.3
=g (4:3)

v, is the magnetically induced velocity anfl  is the magnetic energy gradient. The

magnetophoretic mobility can be measured using MuagnParticle Tracking Velocimetry
(MPTV). MPTV is the improved model of the Cell tkiieg velocimeter to measure the mobility

of the large magnetized particles such as islets.

4.3.3 Pancreas Procurement and labeling
All procedures involving animals were approved hg tnstitutional Animal Care and

Use Committee (IACUC) and performed at the Schibbetes Institute at the University of
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Minnesota. The porcine procurement was performedthgdard protocol used at the Schulze
Diabetes Institute (Ferrer et al., 2008). Pancreeds harvested from adult Landrace pigs
following cardiac death using a@n bloc dissection technique. The posterior aorta wastiiitsoh
longitudinally divided and both the celiac trunKI)Gand superior mesenteric artery (SMA) were
cannulated. Distal splenic, gastric and hepatiselsswvere clamped and 1 L of cold preservation
solution (CPS, cold storage/purification stock siolu containing 2% Pentastarch, Mediatech,
Inc, Herndon, VA) was flushed into both the CT &MA, simultaneously. During the flush, the
main pancreatic duct was identified and cannulgtet proximal to its insertion into the
duodenum. Approximately 60 mL of CPS was then sjowfused over two minutes by hand-
syringe into the main pancreatic duct. Following tlush, the pancreas was excised and divided
into the combined connecting and duodenal lobes sguhehic lobe, all while taking care to
preserve native vasculature. To compare infusesugeuninfused islets obtained from the same
pancreas, the splenic pancreatic lobe alone wassadf with magnetic beads. Paramagnetic
Magnetic Particles (4.5 pum diameter, Dynabead M#bBftrogen, Carlsbad, CA) suspended in 1
L of CPS were then infused into the splenic lobl/,ona the CT and SMA by either hanging
bag or hand-syringe infusion. Infusion of MP suspem was immediately followed by a 1 L
flush with CPS. All lobes were then submerged @RS and stored at 0-4°C for transportation
from the procurement facility to the laboratory.pfocedure requiring less than 30 minutes.
4.3.4 MRI

Following complete formalin fixation>24 hours), pancreata underwent MRI. MRI was
performed at 1.5 T with an APOLLO spectrometer ¢@fag Inc., Houston, TX, USA) and a
custom-built 16-leg low-pass birdcage resonatorcf@diameter, 20 cm in length). Images were

obtained with a T2*weighted true three-dimensiomahdient echo sequence with one
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dimension frequency-encoded and the other two dilnes phase-encoded. A nonselective
pulse was used to nutate the nuclei approximat&@yd2grees during the scan. Typical
acquisition parameters included a 9.6 msec acgunstime, 6.5 msec echo time, 120 msec
repetition time, and a 20 cm x 10 cm x 5 cm fididiew.
4.3.5 Histopathology

After MRI, biopsies were collected from severalioeg of the pancreas, embedded in
paraffin and sectioned at 4 um. Sections were exauinising hematoxylin and eosin (H/E) and
insulin immunohistochemical stains. Sections wergated by an experienced histopathologist
(Dr. Thomas D.O’Brien) to estimate the fractionneégnetic particle incorporation within islet
and acinar tissues.
4.3.6 Pancreas Digestion and Islets Isolation

Tissue samples were collected from pancreas befigestion for histology evaluation
for beads. Then the infused pancreas was digestadléts isolation using the Ricordi method
(Ricordi et al., 1998). Before performing an actisalation using QMS, the QMS column was
filled with Hanks’ balanced salts solution (HBSSgr8a, St.Louis, MO) with serum solution.
Once the digested tissue collection started fragrRitordi chamber, the collection tube from the
Ricordi chamber was connected to a reservoir bagiafly filled with HBSS with 10% porcine
serum and placed in line between the QMS flow ckhmn inlet and the Ricordi chamber.
Tissue arrived at the reservoir at a flow rate etu#e QMS inlet flow rate. A reservoir bag is
essential to avoid any pressure problems due feréifces in the flow rates of QMS inlet and
Ricordi chamber collection pumps and also helpavimid tissue concentration problems. Outlet
fractions from QMS were collected and centrifugeddllect samples for analysis. After sending

all digested tissue through the QMS, the flow clednvas carefully removed and islets attached
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to the wall were recovered for counts and qualitglgsis studies. All tubing and flow channel

used are disposable and sterilized. All flow clesnvere recycled in this research.
4.4 Islet Quality Assessment

4.4.1 Oxygen Consumption Rate (OCR) Assay

OCR was measured on COBE (standard method) and RWifed islets as described
previously (Papas et al., 2007) . Islet samplegwiased and suspended in Dulbecco’s modified
Eagle’s medium (Mediatech, Herndon, VA) containth§ g/L L-glutamine and supplemented
with 100 U/ml penicillin, 200png/ml streptomycin, ¥8M HEPES without serum. Then each
islet suspension was placed into three or more20@itanium chambers. The chambers were
sealed and maintained at°87 The time-dependent oxygen partial pressures)(a@hin the
chambers were recorded over time using a fluorédzzsed fiber optic oxygen sensor (Micro
Oxygen Uptake System, FO=SYSZ-P250; Instech Laboest, Plymouth Meeting, PA). The
initial tracings at the highest pQvere then fit by a straight line and OCR was daled from
the following equation: OCR = Mu(ApO,), whereApO,=Dt is the slope of the line,Jis the
chamber volume, and is the Bunsen solubility coefficient of oxygenan aqueous medium at
37°C (1.27 nmol mm Hg mL™).
4.4.2 DNA Quantification

Islet samples analyzed by the OCR assays wereguéstly sampled for quantification
of DNA content. To measure DNA content, islet sasaphere diluted in an agueous solution of
1M ammonium hydroxide and 3.4mM Triton X-100 andnisated. DNA content was
determined using the Quant-iT PicoGreen dsDNA Kblecular Probes, Eugene, OR) as per
manufacturer’s instructions. Fluorescence readwg® taken on a SpectraMax M5 microplate

reader (Molecular Devices, Sunnyvale, CA)
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4.4.3 Nude Mouse Bioassay

Adult mice were rendered diabetic by intraperitnstreptozotocin injection. Once
hyperglycemia was established, 2,000 IEQ of istetsn Dynabeads infused and un-infused
pancreas were transplanted into the renal subcapspéce of diabetic nude mice and observed
for 30 or more days. After 30 days the mice wenghnectomized to ensure that blood glucose

returned to diabetic levels, after which the mideeve euthanized.
4.5 Results and Discussion

4.5.1 Cross-over studies of QMS

The presence of unlabelled magnetic particle®énpositive fraction (b) of the output is
called non-specific cross over. Hydrodynamics het €dges of splitters, channel or splitter
imperfections, hydrodynamic instabilities and skheduced diffusion are some phenomena that
contribute to non specific crossover (Williams kt 2003; Williams et al., 2003a; Williams et
al., 2008). As the islets count for only 2% of whpancreas, a small amount of crossover can
obviously change the purity of isolated islets. o$3over studies were conducted using only
nonmagnetic acinar tissue. Acinar tissue from a pagcreas, “CTS1”, collected from the
negative QMS fraction was centrifuged and re-sudpdnnto 4 liters HBSS buffer and 500ml of
sample was used for each run. The effect of diffetetal flow rates, inlet and outlet flow ratios
and concentration of tissue in the sample wasde8$teristaltic pumps (Watson-Marlow) were
used to pump the sample and carrier liquid throthghflow channel and to control positive
outlet flow rate. The negative (a) outlet was hefen at atmospheric pressure to balance the
flow rates. Turbidity sensors connected to posind negative outlets were used to measure
the quantity of tissue in each outlet. From theulttng absorbance data non specific crossover

was calculated using the following equation.
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N,

S, = N +N, (4.4)

Where N is the amount of tissue in the b outlet andd\the amount of tissue in the a outlet. The
amount of the tissue in the negative fraction wasutated with the following relation

N
Sa = a (45)
Na + Nb

The total volumetric flow rates used for the crassoexperiments are presented in Table 4.1.
Experiments were conducted with different inlet audet flow rate ratios and to test the effect
of the amount of the tissue in the sample at condt#al flow rate of 400ml/min. Figure 4.2
shows the relative amount of tissue in the negatne positive fractions at different outlet flow
ratios for constant inlet flow ratio of 0.25 atada flow rate of 400ml/min. It shows the decrease
in the crossover with the increase in outlet flatia. Increasing the outlet flow ratio increases
the transport lamina thickness (Figure 4.1) whielp to reduce the crossover. Figure 4.3 shows
the crossover of the acinar tissue at differergtifilbw rate ratios at constant outlet flow ratio
and constant total flow rate. Crossover also irsgsawith the increase in the inlet flow ratio.
Increasing the inlet flow ratio at constant tofalf rate moves the inner splitting surface away
from the core towards outer wall which moves th&epsplitting surface away from the splitter
causing more crossover. Figure 4.4 shows the cvessat constant total flow rate, inlet and
outlet flow ratios with the change in the amountiwé tissue in the sample. Increasing sample
concentration results in an increase in the amotitissue that enters in between the core and
ISS and has to cross the OSS to reach the poséitiggon. crossover with the increase in the
concentration of the tissue in the sample, intevastbetween tissue fragments plays a role in the

crossover.
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Table 4.1: Total flow rates used in crossover gsi@dind corresponding ISS and OSS values.

Flow rate Q Inner Splitting Surface Outer Splitting Surface
Rin Rout
(ml/min) (nss, cm) (ross cm)
400 0.25 0.4 2.698 2.749
400 0.25 0.5 2.698 2.781
400 0.25 0.6 2.698 2.813
400 0.25 0.7 2.698 2.846
400 0.3 0.6 2.716 2.813
400 0.4 0.6 2.649 2.813
350 0.25 0.6 2.698 2.813

94



1.0

o/°/.
./
0.8+
0.6- TS
% —*— S,
¥o)
N 044
0.24
| |
—
—
OO T T T ] Ll
0.3 0.4 0.5 0.6 0.7
Qa/Q

Figure 4.2: Crossover of the acinar tissue at diffe outlet flow ratios for constant inlet flow
ratio and total flow rate. The relative amountis$ue (ordinate) was calculated using equations

(4.4) and (4.5). See Table 4.1.
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Figure 4.3: Crossover of the acinar tissue at diffeinlet flow ratios for constant outlet flow
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4.5.2 Isolation of Islets

A total of five pig pancreata were infused with @peads and processed through QMS
for purification of islets. In the case of the fitaree pancreata, P808, P810 and P685, only the
splenic lobe was infused with the Dynabeads anthi®iother two pancreata, P686 and P687, the
whole pancreas was infused with Dynabeads. Inadés splenic lobe was digested for QMS
isolation and the other two (Duodenal and Connggtiobes were separately digested for
standard COBE isolation. After digesting the P8@®queas, tissue was centrifuged and re-
suspended into 1L solution and split into two halaed processed at different flow rates. Tissue
from the other four pancreata was send through QGi&8ght from the Ricordi chamber by
maintaining the flow rates of QMS and Ricordi ch&mbollection pump equal. Total flow rate,
inlet flow ratio and outlet flow ratios were chadg®r each run to study the effect on recovery
and purities. Table 4.2 presents the flow rates flowd ratios studied. Even though QMS was
designed to collect the magnetic islets in thetp@s(“b”) fraction, Dynabeads infused into the
islets made them sufficiently magnetic so thatsefiiislets reached the wall of the flow channel.
Islets were collected from the flow channel watieafsending total tissue through the QMS by
carefully removing the flow channel from the magassembly. Manual islet counts using
dithizone staining was used to asses the purigidyand total IEQ of the islets for QMS and
COBE isolated fractions. Table 4.2 shows the restom all isolations. This shows the

differences between COBE and QMS isolated isletedban the IE.
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Table 4.2: Purity and yields of the islets from thkk experiments conducted with four porcine

pancreata at the University of Minnesota.

Isolation Condition IE / gm (yield) Total II:)ENl?Aased on
P685 Conn/Duo COBE 1,772 26,760
P685 Splenic QMS 479 421,942
P686 Conn/Duo COBE 804 33,625
P686 Splenic QMS 277 85,274
P687 Conn/Duo| ~ COBE 1,256 60,913
P687 Splenic QMS 160 226,713
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4.5.3 Magnetophoretic Mobility Measurements

Samples from the digested tissue and all thredidradrom QMS were run through
MPTYV to check the magnetophoretic mobilities of thagnetic bead infused islets. These tests
helped to confirm the presence of magnetic tissuthé negative fractions or the presence of
nonmagnetic tissue in the isolated wall fractidfigure 4.5 shows the histograms developed by
MPTYV for tissue sample from Ricordi chamber befeending it through QMS for isolation.
Critical mobilities required for islets to reactetpositive fraction of the QMS output arg m
2.91 x 10" m*/T-A-s (minimum value of mobility required for igketo cross transport lamina)
to m1 = 1.257X18" m*T-A-s (maximum value of mobility required for isdeto cross transport
lamina). Islets with mobility less than;mwill end up in the negative fraction and the isleifith
mobility more than mwill reach and stick to the wall during isolatid?eaks at magnetophoretic
mobility less than I& are the result of the sedimentation of tissuehia MPTV cell. The
mobility histogram shows small quantities of tissuéh mobilities greater than jmvhich is due
to pancreas consists of around 98% of unlabeledaadissue. Figure 4.6 is the mobility
histogram for the negative fraction and confirms #bsence of magnetic tissue in the negative
outlet fraction. Figure 4.7 is the histogram foe fpositive fraction and shows islets with small
mobility, which is not enough to reach the walltbé flow channel. Figure 4.8 is the histogram
for the wall fraction with 65% purity and shows hé& mobility values. MPTV can not
differentiate the islets and acinar tissue buelpld to confirm the amount of magnetic tissue in

the samples from all fractions.
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it through QMS for isolation.
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4.5.4 Histology of Pancreas

Hanging bag or hand-syringe infusion techniquesewesed to infuse the beads into the
pancreas with varying concentration of magnetictiglas. T2*-weighted MRI illustrated a
uniform distribution of hypointense regions, inding the presence of magnetic particles
throughout the experimental splenic lobe in allamg (Figure 4.9). Histologic analysis confirms
that magnetic particles were found predominanttyiwiislet microvasculature, with few present
in surrounding acinar tissue as distinguished kbydtexylin and eosin (H/E) staining (Figure
4.10). Hand-syringe infusion technique achieveddgodusion of magnetic particles into the
islets. Further details are given in a separabdigation (ref. Rizzari paper).
4.5.5 Quality assessment of Islets

Quality assessment studies were conducted on QMEABE isolated islets. Purity and
yield of the islets from P808 isolation was too ltwallow quality tests, so quality assessment
was done for the other four isolations. Figure 4shbws the pictures of the islets taken
immediately after isolation using QMS and COBE methislets isolated with COBE method
appear irregular in shape and fragile, whereasstats isolated using QMS appear very solid wit
smooth surfaces. Pressure applied to the isletpeotdnged exposure to the digestion enzymes
during the COBE separation damage the small isktsing them to fragment into small tissue
while the smooth (low-shear) flow of islets througie QMS flow channel helps islets to

maintain the solid structure and minimizes the tighets are exposed to digestion enzymes.

105



-—

s,‘,—-f

>

&

e
|f*;’ S

i-y/

‘—-—

Splenic Lobe

\i———-..,——\
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lobe (below), in which infused magnetic beads teslin well-distributed hypointense regions.
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Figure 4.10: Representative low and high magnificatnicrographs of an islet located in the
experimental splenic lobe (distal region), illusittig minimal accumulation of magnetic particles
in the acinar tissue (Fig. 4.10A, H/E) and sigmifit accumulation within the islet (Fig. 4.10B,
H/E) and magnetic particles within capillaries of iglet located in the proximal splenic lobe,

near the site of infusion at the celiac trunk (Bd.0C, insulin stain).
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Figure 4.11: Pictures of the dithizone-stainedisstaken under microscope at 20X magnification

a) islets isolated with QMS b) islets isolated WitDBE.
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Figure 4.12 shows the OCR per DNA (nmol thimg! DNA) for COBE and QMS
isolated islets. These results for day O clearlgwsithe difference between QMS and COBE
isolated islets. OCR per DNA for COBE isolated tislen day 0 was less than the standard
required value of 150 nmol min-1 mg-1 DNA to tralasp into the mouse for in vivo testing
whereas the QMS isolated islets have high enougR @Qransplant. COBE and QMS isolated
islets were cultured for 7 days and checked for Q@GR the resulting increased OCR values for
COBE and QMS isolated islets both exceeded theinemjstandard values. Figure 4.13 shows
the average values of the OCR/DNA for COBE and Qbtfated islets at day 0 and day 7.
QMS isolation can reduce or eliminate culture tiamel helps to eliminate the mechanical stress
due to centrifugation on the islets.

Islets were evaluated to check their ability toerse diabetes in mice. These studies help
to study the effect of the presence of Dynabeadthenslets’ functionality. Immunodeficient
diabetic mice were transplanted with 20001EQ détssifrom COBE and QMS isolation from the
same pancreas. Histological evaluation confirmedinfammatory reaction in the murine
kidneys due to the presence of the Dynabeads aixbtdis reversal was achieved in the mice

with Dynabead infused islets.
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Figure 4.12: Stimulation index for OCR measureméis control and infused islets from three

separate isolations.
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Based on the MPTYV tests and visual observatioissdbnfirmed that the infusion of the
Dynabeads into the islets was not 100% succed$sfehn though Dynabeads were selected based
on their size and the vascular structure differerimetween islets and acinar tissue, not all islets
were infused with beads, and some of the acinsuéislso received magnetic beads. Obtaining
homogeneity of bead infusion is important to iselalets using QMS, and more studies are
ongoing at University of Minnesota to further thederstanding of the anatomy of porcine
pancreata, improvement of procurement, flushing hothogeneous perfusion of the organ
through the vasculature for optimal bead infusiifiect of pressure of infusion, different bead
concentration and also considering the option béobeads with less magnetophoretic mobility
and optimal size.

When digested tissue was first centrifuged and endgpd in buffer prior to running
through QMS during the P808 isolation, the tissmrened large clumps and clogged the QMS
inlet port and reduced the purity of islets prodlibg a great percentage. By sending the tissue
straight from the Ricordi chamber to QMS these |amis were eliminated, and the time islets
were exposed to digestion enzymes was greatly eedtlrereby avoiding over digestion and
fragmentation problems. When islets stick to thé wfathe QMS flow channel they are exposed
to fresh buffer with serum and not the digestiandl Even though the QMS flow channel was
designed to collect the bead infused islets inpgbsitive fraction, the higher magnetophoretic
mobilities of the Dynabeads forced us to colleetitifused islets on the wall of the flow channel
and collect them after sending all tissue througSQ Some acinar tissue sedimented at the
bottom of the flow channel and it reduced the guitthe islets collected from wall. Some small

modifications in the flow channel design can alsoréase the purity of the islets.
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4.6 Conclusions

QMS successfully isolated the Dynabead infusedsisimmediately after islets were
liberated from the pancreas in a continuous prodéssal observations through microscope and
guality assessment of the isolated islets confirthedadvantage of the QMS isolation over the
standard COBE method. Achieving the homogeneoussio of the magnetic beads into the
islets and by implementing the small changes inflthe channel design it is possible to make
the QMS a successful instrument to isolate supepiatity porcine or human islets in less time

than required by the available standard methods.
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5. Summary and Future Work

The dissertation has successfully demonstrated Quaidrupole Magnetic Flow Sorter
can be used for isolation of pancreatic islets fexacrine tissue using magnetic beads infusion
into islets. Differences in the vascular structofeislets from acinar tissue can be used for
successful infusion of Dynabe&dsnly into islets. QMS isolated islets are betterqguality
because of the less stress applied by QMS ancethetion of the exposure time of the islets to
the digestive enzymes. CFD simulations can be tsadst the performance of the QMS flow
channel and can be used as a tool to improve flogeety of the flow channel to achieve good
isolation with high purity. MPTV developed to quiyntthe magnetophoretic mobility of the
labeled tissue can be used as a tool to optimiegep#nameters of the QMS to isolate labeled
islets from exocrine tissue.

CFD simulations of flow pattern performed on thevnagesign of QMS flow channel
confirm circumferentially uniform flow developmeatound the annular channel. Quantitative
agreement between experimental measurements gbedfis crossover and prediction based on
CFD modeling of the fluid flow was shown. For 88w conditions, crossover predicted by
CFD simulations was found to be slightly lower thexperimentally observed results. This
difference may be due to the contribution of cressdrom other factors such as patrticle lift and
particle interactions. Diffusion was not considenredhe CFD modeling. The good agreement
between experimental and CFD predicted resultsvaliothe performance of simulations with

different channel prototype models to develop aigieso minimize nonspecific crossover.
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The capability of newly developed MPTV in measurimggnetophoretic mobility was
confirmed with the measurements of the mobility tbé standard Dynabeads. MPTV was
successfully used to measure the mobility of magrgrticles up to 500 microns in size with
different mobilities. MPTV’s ability to predict theptimized flow parameters was also tested
successfully with magnetic particles and the iswlaislets of Langerhans as it is the final
application of the MPTV.

The present research has opened up several aviemwEsitinuing the fundamental and
development research works on magnetic islet isolat Following research area may be further
explored to support the future islet transplantatitudies.

1. Computational Fluid Dynamics study of the flow bétmagnetic particles in the Quadrupole
Magnetic Sorter flow channel using magnetic modelshe FLUENT, which along with
nonspecific crossover studies helps to design thgnet and flow channel assembly for
QMS to achieve the best isolation purity with tlo#lection of acinar tissue in the negative
fraction and pure islets in positive fraction. Flmhannel can be modified to avoid the
clogging and settling of the tissue in the flow chal.

2. Development of the MPTV further to track only theving particles in the flow channel by
omitting the disturbances on the flow channel arakenit possible to connect the MPTV
online to the flow process of the Ricordi digestimocess to get the QMS parameters for
successful isolation of islets.

3. Further study of the magnetic beads infusion pedet® the islets to achieve uniform and

enough beads infusion in the whole pancreas.
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Appendix A: QMS Operation

Figure A.1: Photograph of the QMS setup with floabs.
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Figure A.2: Components of the QMS. Boxed labelsp@menanent QMS components, unboxed
labels are consumable items replaced after one use
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Figure A.3: Screnshot of the QMS software usedtdrol the QMS operation.
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Figure A.4: QMS set up for pancreas isolation aiversity of Minnesota laboratory.
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Figure A.5: Absorbance detector traces for P81@&i®m run. The QMS was turned on at time
t=0 minutes. The turbidity sensor data logging aetsvated at t=42 minutes [1]. The digestion
process was switched to recovery mode and the Q&¢@rboperations, with tissue leaving the
flow channel at t=48 minutes [2]. The tissue coniaion with the Ricordi chamber upright
peaked at approximately t=72 minutes [3]. The Rlcehamber was inverted to maximize the
recovery at t=92 minutes [4]. The tissue exiting tnverted Ricordi chamber peaked at t=102
minutes [5]. The isolation was terminated at agpnately t=114 minutes [6].
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Date Exp no Q| Qal/Q| QalQ Condition
2/26/2009 VC-02-1 224 0.25 0.25| flow Channel outside the magnet, no bead infusipn
2/26/2009 VC-02-1A | 224 0.25 0.25| flow Channel outside the magnet, no bead infusipn
2/26/2009| VC-02-2 224 0.25 0.35| flow Channel outside the magnet, no bead infusipn
2/26/2009] VC-02-2A | 224 0.25 0.35| flow Channel outside the magnet, no bead infusipn
2/26/2009| VC-02-3 224 0.25 0.45| flow Channel outside the magnet, no bead infusipn
2/26/2009] VC-02-3A | 224 0.25 0.45| flow Channel outside the magnet, no bead infusipn
4/24/2009| VC-04-1 400 0.25 0.5 Flow channel in the magnet, no bead infusion
4/24/2009| VC-04-2 400 0.25 0.6 Flow channel in the magnet, no bead infusion
4/24/2009| VC-04-3 400 0.25 0.7 Flow channel in the magnet, no bead infusion
4/24/2009| VC-04-4 400 0.25 0.7 Flow channel in the magnet, no bead infusion
6/11/2009| VC-06-1 400 0.25 0.7 2ml dynabeads infused into pancreas
1/5/2010| P808 - T1 400 0.25 0.5 4ml of dynabeads in splenic lobe
1/5/2010| P808 - T2 400 0.25 0.7 splenic lobe tissue resuspended into 1L
Control lobes(duodenal and connectiong lobe without
1/5/2010| P808 - C1 400 0.25 0.5 beads)
1/5/2010| P808 - C2 400 0.25 0.7| only for cross over studies, tissue obtained fraimec
1/7/2010| P810 400 0.25 0.7 4ml of dynabeads in splenic lobe
Tissue was send to QMS staright from Ricordi
chamber
5/25/2010| P865 400 0.25 0.6 4ml dynabeads infused into splenic
5/26/2010| P866 400 0.4 0.6 4ml dynabeads infused into pancreas
5/27/2010| P867 400 0.43 0.6 4ml dynabeads infused into pancreas
6/7/2010| CTS-1 400 0.43 0.6 4ml dynabeads infused into whole pancreas
6/9/2010| CTS-2 400 0.3 0.6 4ml dynabeads infused into whole pancreas

Table A.1: Summery of the Porcine isolation expenits.
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A.1 QMS Operation Procedure
1. Install pump tubing, tubing set and flow channel.
2. Connect fluid and empty bags to the tube set.
3. Prime the flow channel and tubes.
4. Calibrate the pumps.
5. Set the flow rates using QMS islets software.
6. Start turbidity sensors to get the absorbance data.
7. Use the QMS software to run QMS in auto mode.
8. Collect the positive and negative fractions.
9. Collect wall fraction by removing flow channel framagnet.

10. Drain the tubing and clean.
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Appendix B: MPTV Operation

Figure B.1: Photograph of the MPTV assembly.
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Figure B.2: Photograph of the MPTV set up.
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Figure B.3: Screeshot of the IKOVISION used to tiie MPTV.
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Appendix C: Fluent Simulations
C.1 Fluent Simulation Procedure

. Start the program from the command line by typifigent 3ddp”.

. Open the .msh file with the pull-down menus F#e Read-> Case.

. Save the loaded .msh file as a .cas file by thedqmawn menus: File> Write >
Case.

. Under Grid> Scale make sure that the domain extents in metersarect. If not
specify that the grid was created in inches.

. Under Define-> Materials define the “Fluid Material” as liquid veaitby loading it
from the database or finding it in the pull-downmae

. Under Define> Boundary Conditions set Fluid to liquid water, @ttto zero gauge
pressure, and Inlet to the appropriate Velocity Magle (calculated from the volumetric
flow rate and cross-sectional area at the chamiet)i In this case 00 ml/min gave a
velocity magnitude of 0.42 m/s.

. Under Define=> Injections create “Surface” inert injections releéidrom the channel
Inlet.

. Under Define> Units use the S| default.

. Accept the default Defin®  Solver options.

. Under Injection> Define Inert material properties.

. Under Define > Models - Viscous make sure the regime is Laminar.
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Under Define> Models—> Discrete Model.

Under Solve> Monitors> Residual set the Convergence Criterion to at I&&s6
and the lteration Storage to at least several tiaisMake sure the Residual Monitor
appears on the screen.

Under Solve> Initialize set the X velocity to the same valudlas calculated

inlet X-Velocity Magnitude.

Under Solver> Controls=> Solution use the SIMPLE Pressure-Velocity Coupling,
Standard Pressure Discretization, and Second Qipefrnd Momentum Discretization.
The Under-Relaxation Factors (except Momentum)osaleft at the default values.

Start the solution from Solvep Iterate with at least several thousand iterations

and reporting after every ten.

A simulation can be expected to run for severak$iolfi after several hours the Residuals
remain flat you may halt the iteration and reduee Momentum Relaxation Factor from
the Solver-> Controls—> Solution menu then restart the iteration. The Motuen
Relaxation Factor may have to be reduced sevenakti

When the residuals have converged, run the Disamaeel using display particle
trajectories and select summery.

Save the data from the FH2 Write > Case and Data menu.

The results may be seen from the many option idikplay pull-down menu.

131



Loading “C:\Fluent.Inc\Fluent6.3.26\1ib\f1_s1119.dmp"

Done.

> Reading "C:\DP\184445AA2BDPSURNC\1084445AA2BDPSURNC .cas™. . .
1677872 tetrahedral cells, zone 2, binary.
wall faces, zone 3, binary.

432

3139

346 triangular
164 triangular
164 triangular
164 triangular
164 triangular
164 triangular
164 triangular
879 triangular

outflow faces,
outflow faces,
velocity-inlet
velocity-inlet
outflow faces,
velocity-inlet

interior faces,

389993 nodes, binary.
389993 node flags, binary.

Build

ing...
grid,
materials,
interface,
domains,
nixture
ZOnes,

default-interior

a_prime
negative
b1_prime
b2 prime
positivel
positive?
wall

qns

Material cultispheres:
Hew property "Thermal Conductivity" has been added.
Selecting constant method for “Thermal Conductivity” -- data required.

Done.

shell conduction zones,

zone 4, binary.
zone 5, binary.
faces, zone 6, binary.
faces, zone 7, binary.
zone 8, binary.
faces, zone 9, binary.
zone 11, binary.

Reading *C:\DP\1B4445AA2BDPSURNC\104445AR2BDPSURNC .dat™. ...

Done.

nunber tracked = 164, escaped = 77, aborted = 0, trapped = 0, evaporated = O, incomplete = 87

Fate Humber Elapsed Time (s) Injection, Index
Hin Hax fvg  Std Dev Hin Hax
Incomplete 87 1.574e+001 4.652e+002 4.154e+001 5.043e+001 cultispheres 13 cultispheres 112
Escaped - Zone 4 3 2.904e+001 3.282e+001 3.057e+001 1.624e+000 cultispheres 118 cultispheres 7
Escaped - Zone 5 4 2.812e+001 3.206e+001 2.991e+001 1.447e+000 cultispheres 98 cultispheres 25
Escaped - Zone 8 70 2.951e+001 3.497e+001 3.169e+001 1.072e+000 cultispheres 128 cultispheres 23
(*)- Mass Transfer Summary -(*)

Fate Mass Flow (kg/s)

Initial Final Change
Incomplete 1.327e-8085 1.327e-005 0.008e+000
Escaped - Zone &4 3.852e-007 3.852e-007 0.000e+000
Escaped - Zone 5 5.921e-007 5.921e-007 0.000e+000
Escaped - Zone 8 1.0875e-005 1.075e-005 0.000e+000

Figure C.1: Summery of the particle flow simulation
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