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Islet transplantation is emerging as a treatment option for selected patients with type 1 diabetes. Inconsistent
isolation, purification, and recovery of large numbers of high-quality islets remain substantial impediments to
progress in the field. Removing islets as soon as they are liberated from the pancreas during digestion and
circumventing the need for density gradient purification is likely to result in substantially increased viable islet
yields by minimizing exposure to proteolytic enzymes, reactive oxygen intermediates, and mechanical stress
associated with centrifugation. This study capitalized on the hypervascularity of islets compared with acinar
tissue to explore their preferential enrichment with magnetic beads to enable immediate separation in a magnetic
field utilizing a quadrupole magnetic sorting. The results demonstrate that (1) preferential enrichment of porcine
islets is achievable, but homogeneous bead distribution within the pancreas is difficult to achieve with current
protocols; (2) greater than 70% of islets in the dissociated pancreatic tissue were recovered by quadrupole
magnetic sorting, but their purity was low; and (3) infused islets purified by density gradients and subsequently
passed through quadrupole magnetic sorting had similar potency as uninfused islets. These results demonstrate
proof of concept and define the steps for implementation of this technology in pig and human islet isolation.

Introduction

Islet transplantation is emerging as a treatment op-
tion for selected patients in whom type 1 diabetes is

complicated by frequent acute or progressing chronic com-
plications.1–7 Inconsistent isolation, purification, and recov-
ery of large numbers of high-quality islets remain substantial
impediments to progress in the field.

Current human islet purification protocols rely on the
density differential between islets and exocrine and ductal
pancreatic tissue. However, density gradients may have
undesirable effects on cells such as exposure to potentially
toxic chemicals, prolonged exposure to proteolytic enzymes,
reactive oxygen intermediates, and mechanical stress asso-
ciated with centrifugation.8–12

Removing islets as soon as they are liberated from the
pancreatic tissue mass during isolation and circumventing
the need for density gradient purification can potentially
result in substantially increased viable islet yields. Instan-
taneous separation of liberated islets would minimize expo-
sure to proteolytic enzymes, reactive oxygen intermediates,
mechanical stress associated with centrifugation, and ischemic
stress associated with extended processing. Magnetic separa-
tions are attractive because they offer the potential of high
throughput and high selectivity. The versatility, availability,

and relatively low cost of permanent magnets with powerful
magnetic fields have facilitated their recent application in bi-
ological separations.9,12,13

Magnetic cell isolation by infusion of magnetic beads into
the vasculature was first applied to the isolation of renal
glomeruli. Iron oxide infused into murine left ventricular
cavities became physically trapped within the glomeruli,
which were collected with a bar magnet after tissue disrup-
tion.14 This technique was extended by perfusing magnetite
(Fe3O4) into the murine aorta. The magnetite particles were
preferentially trapped within the capillaries of the renal
glomeruli. After mechanically dispersing the kidney tissue, a
bar magnet was paired with a Dynal MPC�-6 magnetic
particle concentrator (MPC). The authors recovered 28% of
total renal glomeruli at 90% purity.15,16

It had been observed that pancreatic islets and renal glo-
meruli have similar angioarchitectures.9 Pinkse et al. (2004)
injected suspensions of magnetite particles into the des-
cending rat aorta that were subsequently trapped within the
narrow islet microcapillaries,9 and after digestion a Dynal�

MPC separation system was used to isolate islets. Magnetic
separation yielded significantly more islets per pancreas than
was obtained using conventional density gradient isolation.
In addition, the authors reported that the magnetic separa-
tion technique was three times faster than the conventional
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isolation method, which contributed to a significantly higher
viability in culture of the magnetically purified islets. Fur-
ther, density gradient-separated islets lost their b-cells and a-
cells over time, suggesting that the islets were harmed by
chemical and=or mechanical stress. Transplantation of mag-
netically separated islets into diabetic rats restored eu-
glycemia for over 2 months, and the Fe3O4 did not cause an
inflammatory response in rat kidney capsules.9 More re-
cently, Töns et al. (2008) reported infusing this same Fe3O4

solution into 10 human research pancreata.17 The authors
reported that 60% to 80% of recovered islets contained
magnetite aggregates compared to only 0.4% to 2.8% in the
exocrine tissue. The Fe3O4 did not otherwise affect the di-
gestion protocol; however, the recovered islets were usually
only 30% to 40% pure.17

Given the limitations of current density gradient purifi-
cation protocols, the initial success reported above with the
use of magnetic technology in rat islet separation, and the
limitations noted when applying this technology to human
islet processing, the application of a recently developed high-
throughput, high-gradient, continuous quadrupole magnetic
sorting (QMS) technology18,19 for use in porcine islet isola-
tion was explored.

Materials and Methods

Pancreas labeling and islet isolations

All animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) and performed
by the Islet Processing Core at the Diabetes Institute for
Immunology and Transplantation at the University of Min-
nesota. Pancreata from *600 lb Landrace sows were clamped
and divided into splenic, connecting, and duodenal lobes.
The portal vein and hepatic and splenic arteries were
clamped and tied in situ. The celiac trunk of the aorta was
catheterized, and 400 mL PBS solution containing 4�109

Dynabeads� was injected. Neutral Red dye in the PBS so-
lution gave a visual indication of the progression of the bead
solution into the three lobes. These infused organs were
subsequently processed for histological evaluation or they
were digested for islet isolation using the Ricordi method.20

To compare infused versus uninfused islets obtained from
the same pancreas, the splenic pancreatic lobe alone was
infused with magnetic beads. This allowed infused and un-
infused lobes from the same pancreas to be independently
processed for islet isolation. Both infused and uninfused
dissociated pancreatic tissues were processed for density
gradient islet purification.21,22 Density gradient–purified is-
lets from infused lobes were also passed through the QMS
system and were compared to those that had not been ex-
posed to QMS. Attempts were also made for purification of
islets from pancreatic lobes infused with magnetic beads by
passing the unpurified dissociated tissue through QMS
without prior density gradient purification. Islets isolated
and purified from infused and uninfused lobes were then
compared to assess any effects of magnetic label incorpora-
tion on islet quality.

QMS system

As described on several occasions,18,19,23 QMS is a high-
throughput, high-gradient, continuous magnetic cell sepa-

ration system. It was designed for the positive separation of
immunomagnetically labeled single cells from a previously
labeled cell population. Figure 1 describes the basic QMS
mechanism for sorting magnetic from nonmagnetic cell
populations. Unlike other systems, the QMS can be operated
continuously whereby a cell population containing labeled
cells (tissue feed and carrier fluid, stream a0 in Fig. 1) and a
pure fluid substream (carrier fluid, stream b0) are introduced
into the separator; unlabeled cells exit in one stream (carrier
fluid plus unlabeled cells, stream a) and labeled cells in the
other (carrier fluid plus magnetically labeled cells, stream b).

Magnetic theory

The QMS system has been extensively modeled and test-
ed.23–27 The ability of immunomagnetically labeled cells to be
collected in the magnetic exit stream b (Fig. 1) and the un-
labeled cells in the nonmagnetic stream a (Fig. 1) is a function
of a number of factors, especially the degree to which the
cells are immunomagnetically labeled. Particle labeling may
be quantified via the magnetophoretic mobility, a parameter
proportional to the magnetic field gradient.

The magnetophoretic mobility of an immunomagnetically
labeled cell, m, is theoretically represented by the following
equation:

m¼ vm

Sm
¼

/pbABC

3pDcellg
þmcell (1)

where vm is the magnetically induced velocity, Sm is the
magnetic energy gradient, fp is the field interaction param-
eter, ABC is the antibody binding capacity of the cell, b is the
number of magnetic nanoparticles per ABC, Dcell is the di-
ameter of the cell, Z is the viscosity of the suspending fluid,

FIG. 1. Schematic depicting the annular QMS channel re-
vealing the inner (ISS) and outer (OSS) split streams. Mag-
netic cells (or islets) that cross the OSS are continuously
sorted. The labeled sample enters as stream a0 along with a
carrier stream, b0. The magnetic fraction is collected from
stream b.
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and mcell is the intrinsic magnetophoretic mobility of the
unlabeled cell.23,28,29 For unlabeled lymphocytes, this mo-
bility has been reported to be �5.2�10�5 mm3 T�1 A�1 s�1.28

The field interaction parameter is defined as follows:

/p¼ (vp� vf )Vp B0\Bsat (2)

or

/p¼
Msatl0

B0
� vf

� �
Vp B0 � Bsat (3)

where wp is the magnetic susceptibility of the magnetic par-
ticle, wf is the magnetic susceptibility of the suspending
buffer, Vp is the volume of the magnetic particle, B0 is the
specific field induction, Bsat is the magnitude of the magnetic
field induction above which the magnetic particle is satu-
rated, Msat is the moment saturation of the magnetic particle,
and m0 is the magnetic permeability of free space.28

Using an instrument referred to as a cell tracking velo-
cimeter, Zhang et al. performed a study characterizing a
number of commercial magnetic nanoparticles with respect
to the particle size and magnetic susceptibility and compared
them to literature values of nanometer-sized and micron-
sized particles.28 With such an analysis, estimates of fp were
made, and these values are presented in Table 1.

Islet quality assessment

Oxygen consumption rate measurements. Oxygen con-
sumption rates (OCR) were measured as previously de-
scribed.30 Briefly, islets were suspended in Dulbecco’s
modified Eagle’s medium (Mediatech, Herndon, VA) con-
taining 4.5 g=L glucose and 0.6 g=L L-glutamine without se-
rum (to avoid formation of bubbles) and supplemented with
100 U=mL penicillin, 100mg=mL streptomycin, and 10 mM
HEPES. These islet suspensions were then placed in a 200-mL
stirred titanium chamber (Micro Oxygen Uptake System,
FO=SYSZ-P250; Instech Laboratories, Plymouth Meeting,
PA) maintained at 378C. After the chamber was sealed, the
time-dependent oxygen partial pressure (pO2) within the
chamber was recorded with a fluorescence-based oxygen
sensor, and the data at high pO2 were fit to a straight line.
The maximal OCR was evaluated from OCR¼Vcha(D
pO2=Dt), where DpO2=Dt is the slope of the line, Vch is the

chamber volume, and a¼ 1.27 nmol mm Hg�1 mL�1 is the
Bunsen solubility coefficient for oxygen in medium.31

ATP quantification. The CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega, Madison, WI) was used per
manufacturer’s instructions to measure the ATP content in
islet samples. Luminescence readings were taken on a
SpectraMax M5 microplate reader (Molecular Devices, Sun-
nyvale, CA). Each sample was processed and plated in a 96-
well white microplate (Corning 3912; Corning, Corning, NY).
Serially diluted ATP was used as a standard (Sigma-Aldrich,
St. Louis, MO).

DNA quantification. Islet DNA was measured and used
to normalize the OCR and ATP values. To measure DNA
content, islet samples, either prepurified by density gradient
or hand picked from impure digests, were diluted in an
aqueous solution of 1 M ammonium hydroxide and 3.4 mM
Triton X-100, and sonicated. DNA content was then deter-
mined using the Quant-iT PicoGreen dsDNA kit (Molecular
Probes, Eugene, OR) per manufacturer’s instructions. Fluor-
escence readings were taken in 96-well black microplates
(Corning) on a SpectraMax M5 microplate reader (Molecular
Devices).

Insulin assay. A sample (100 mL) of islets was removed
from the main pool, and 400 islet equivalents (IEQ) (defined
as spheres with a diameter of 150 mm) were added to a 5 mL
tube containing 1400mL of medium plus 2.8 mM glucose.
From this, 80 IEQ (300mL) were placed into a permeable in-
sert of 12 mm in diameter seated in a culture well containing
700mL medium plus 2.8 mM glucose. After a 30 min equili-
bration the inserts containing the islets were removed from
their respective wells, drained, blotted, and placed into a
culture well containing 1300 mL medium plus 2.8 mM glu-
cose. A 300 mL sample of the supernatant was immediately
taken for each of the replicates as a basal time 0 sample. After
60 min, the remaining supernatant was collected as a basal
time 1 h sample. The islets were then transferred to a culture
well containing medium at 28 mM glucose, and an aliquot of
the supernatant was immediately taken as a stimulation time
0 sample. After 60 min, the remaining supernatant was col-
lected as a stimulation time 1 h sample. The amount of in-
sulin present in the supernatant samples was measured

Table 1. Comparison of Normalized Magnetization, Msat=B0 (Eq. 3), and Field Interaction Parameter,

fp, of Commercial Magnetite Particles Previously Published in Zhang et al.
28

Magnetic bead Lot no.
Msat=B0

(�10�5 A2 N�1)
Diameter

(nm) Fp (�10�25 m3)

SAP-MACS� 5020305031 110� 30 116 8.8� 2.1
5020918049 140� 40 67 2.3� 0.6

BD Imag� 44023 140� 30 231 91� 20
Captivate� 71A1-1 38� 10 136 5.1� 1.4
Dynabeads� 4500 9.2�106

Easysep� 2L226593 35� 12 142 5.4� 2.0
3A17176 5.5� 1.8 160 12� 4

Manufacturer information for Table 1: From Zhang et al.28 Streptavidin MACS beads: Catalog number 481–01=02, Miltenyi Biotec, Auburn,
CA; BD� Imag streptavidin bead: Catalog number 551308, BD Pharmingen, San Jose, CA; Captivate� ferrofluid: Catalog number C-21476,
Molecular Probes (Eugene, OR); EasySep� beads: StemCell Technologies, Vancouver, Canada; DynaBeads M-450, tosylactivated: Invitrogen
Dynal AS, Oslo, Norway.
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using a commercially available insulin ELISA kit (Mercodia,
Uppsala, Sweden). The stimulation index is the ratio of the
amount of insulin secreted in the presence of high glucose
concentration divided by the amount of insulin secreted in
the presence of low glucose concentration over the 1 h pe-
riod. All measurements were conducted in triplicate.

Diabetic nude mouse bioassay. Islet potency in vivo was
assessed with the diabetic nude mouse bioassay. All animal

procedures were approved by the IACUC and performed by
the Islet Processing Core at the Diabetes Institute for Im-
munology and Transplantation at the University of Minne-
sota. About 2000 IEQ, measured by manual counts on day 2
after isolation, were transplanted under the kidney capsule
of nude streptozotocin-induced diabetic (>350 mg=dL blood
glucose pretransplant) mice. Diabetes was considered re-
versed after three consecutive measurements of normogly-
cemia (<200 mg=dL blood glucose) posttransplant.

FIG. 2. A porcine pancreas
infused as described in the
Materials and Methods sec-
tion was divided into its three
lobes (splenic, duodenal, and
connecting) and processed for
histology. (a) The infused
splenic lobe was divided into
six sections by microtome as
indicated by the white lines.
(b) The six sections depicted
in (a) were further divided
into 17 as indicated by the
black lines (sections 1–17).
The number of Dynabeads
found in each of the examined
sections is summarized in
Table 2.

Table 2. Visual Dynabead Counts Within the Zones of the Infused Organ Microtome Sections

Location Sublocation
No. of beads
in 20 HPF

Frequency of
infused islets

No. of beads
per islet

A 3 28 Very rare (<5%) 1 to 10
A 6 43 Rare (<10%) 2 to 20
A 7 42 Many (50%) 1 to 20
A 10 >100 Most (75%) 1 to 30
A 12 21 Almost all (85%) 1 to 8
A 14 2 None 0
A 16 3 Very rare (<5%) 1
B 2 0 0 0
B 6 0 0 0
C 3 51 (very uneven) Often (25%) 1 to 20

Location (column 1) refers to the lobe examined (A, splenic; B, connecting; C, duodenal) and sublocation (column 2) refers to the section of
the lobe examined. Lobe sectioning was performed as depicted in Figure 2. Number of beads in the examined region corresponding to 20
high-power fields (HPF) is given in column 3.
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Statistical analysis. All measurements were conducted
in at least triplicate, and results are reported as mean�
standarddeviation.Statistical comparisons betweenconditions
and runs were performed using the Wilcoxon=Kruskal-Wallis
rank test and Tukey Honestly Significantly Different (HSD)
least square means test on JMP 6.0.0 (SAS Institute, Cary,
NC). The data were approximately normally distributed and
unbiased. Results were considered significant for p< 0.05.

Results

Tissue labeling and histology of infused
porcine pancreas

An example of a porcine pancreas infused with beads and
processed for histology is presented in Figure 2. After bead
infusion, the pancreas was processed for histology and was
divided into splenic, duodenal, and connecting lobes. The lobes
were further sectioned for examination under a light micro-
scope. The splenic lobe, which contained the main artery used
for bead infusion, was divided into 6 sections and further di-
vided into 17 subsections as shown. The connecting and duo-
denal lobes were sectioned and labeled in a similar manner.

These slices were examined under the microscope, and the
numbers of observable beads were tabulated (Table 2). From
this table a virtual bead distribution map was created of the
intact three-lobe organ. Dynabeads were found throughout
the splenic lobe islets. A narrow cylindrical region of infused
Dynabeads extended from the splenic lobe into the duodenal

lobe. No Dynabeads were observed in the connecting lobe. It
was apparent that the concentration of Dynabeads within the
infused pancreas was highest proximal to the infusion point
at the splenic lobe. Microscopic observations of the mag-
netically infused pancreatic tissue indicated that Dynabeads
were visible under low magnification in microtome sections
of intact pancreatic tissue (Fig. 3) as well as the purified, di-
gested islets (Fig. 4a). The great majority of infused Dynabeads
were found within islets rather than exocrine tissue, and it was
further observed that in several situations a large number of
Dynabeads infused into the splenic lobe never lodged or only
very weakly lodged in the tissue. Upon digestion, these beads
ended up suspended in the digestion broth. It was observed
that when this sample was placed near an appreciable mag-
netic field such as a Neodymium bar magnet or QMS, the
highly magnetic beads formed extended aggregates and chains
(Fig. 4b). Particle aggregation is caused by attractions between
the dipole moments, m, of neighboring particles. Dipole mo-
ments are induced by an applied magnetic field and are pro-
portional to the magnitude of that field, H:

l¼Vp � l0 � vp �H (4)

where Vp is the particle volume, H is the magnitude of the
applied field, wp is the particle susceptibility, and m0 is the
permeability of free space. Since the QMS has a much higher
field magnitude than a single Neodymium bar magnet, it is a
safe assumption that the bead aggregates within the QMS

FIG. 3. Micrograph of a
pancreatic tissue section in-
fused with magnetic Dyna-
beads. The periphery of the
islets is outlined. Dynabeads
(rust colored) are clearly visi-
ble within the islets but rare
within the surrounding acinar
tissue. Colocalization of the
magnetic beads within the is-
lets with red blood cells (in
pink color) is also evident.

FIG. 4. (a) Photograph of
density gradient-purified is-
lets. Dynabeads were visible
in the majority of purified is-
lets (see arrows). (b) Photo-
graph of infused digestate
held against a Neodymium
bar magnet. Under this strong
field, highly magnetic Dyna-
beads that are not lodged
within islets are drawn to-
gether to form extended

chains (see arrow). It is thought that these ‘‘fish nets’’ carry unlabeled tissue into the magnetic fraction or else pin unlabeled
tissue against the QMS channel wall.
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itself would be even more extensive than observable in Fig-
ure 4b.

Theoretical mobility and QMS performance

The visual observation that Dynabeads become lodged in
the capillaries of islets (Fig. 3) confirmed that infusion of
Dynabeads resulted in preferential labeling of islets with
magnetic particles. The theoretical magnetophoretic mobility
for an IEQ containing between 1 and 1000 Dynabeads was
then calculated. Using the Dynabead field interaction pa-
rameter fp from Table 1, a plot of magnetophoretic mobility
as a function of the number of infused Dynabeads was de-
vised (Fig. 5a). To put these values of magnetophoretic mo-
bility into perspective, Figure 5b presents a histogram of the

magnetophoretic mobility of human peripheral blood lym-
phocytes from Lara and coworkers32 labeled with an antibody
conjugated to a magnetic nanoparticle (MACS� bead). The
second x-axis gives the theoretical number of MACS particles
needed to achieve the given mobility using Equation 1 and
the value of the field interaction parameter for a MACS bead
determined by Zhang and coworkers.29 Comparing Figure
5b with 5a, approximately 1.2�104 MACS beads impart a
single human lymphocyte with the same magnetophoretic
mobility that a single 4.5 micron Dynabead gives an IEQ.

The magnetophoretic mobility values determined for a
magnetically labeled IEQ were used as previously reported26

to perform computer simulations of the magnetoviscous
force balance within the QMS. From the distribution of the
feed cells’ magnetophoretic mobility, the outcome trajectory
of the IEQ (exit a, exit b in Fig. 1, or deposited on the wall) is
given based on the entrance and exit flow rate ratios. Figure
6 shows trajectories of four theoretical IEQ (a, b, c, and d)
entering and exiting the QMS channel with respect to the
longitudinal and normalized radial coordinates. Particles (in
this case IEQ) may enter the channel randomly at any point
between the inner (particles a and b) and outer (particles c
and d) walls of the feed stream (stream a0 in Fig. 1). For each
extreme of the radial starting point, we expect that islets will
have a range of magnetophoretic mobilities. Figure 6 pres-
ents two values of the IEQ’s magnetophoretic mobility for
each starting point. The outer split stream represents the
radial coordinate that separates the magnetic and nonmag-
netic outlet streams (the exit streams b and a in Fig. 1).

In this example, IEQ having the lower mobilities (a and c)
will not cross the transport laminar (0.82 on the x-axis) re-
gardless of starting position, whereas IEQ having the higher
mobility (b and d) will cross split stream and exit in stream
b. Model predictions indicate that at a feed stream of
30 mL=min, IEQ will cross the split stream and exit in stream
b for a magnetophoretic mobility greater than 3�10�4 mm3

T�1 A�1 s�1. IEQ with mobility of 5�10�4 mm3 T�1 A�1 s�1

FIG. 5. (a) A plot of the theoretical magnetophoretic mo-
bility of a 150 micron sphere as a function of the number of
infused Dynabeads. These mobility numbers are quite high
when compared to histogram plots of the negative (left
histogram) and positive eluents (right histogram) from a
immunomagnetic separation of human lymphocytes in a
MiniMACS separation system (b). The cells were targeted
with an anti-CD3 PE label and an anti-PE MACS reagent.
Notice that 1.2�104 MACS beads impart a single human
lymphocyte with the same magnetophoretic mobility that a
single 4.5 micron Dynabead gives a 150 micron sphere.

FIG. 6. Modeled trajectories of an IEQ, islet equivalents
moving along the QMS channel. The y-axis is the channel
length and the x-axis is the fractional channel radius. Cells
may enter near the inner core of the channel (a, b) or near the
outer shell of the channel (c, d) with a range of mobilities. An
IEQ that crosses the Outer Split Steam leaves with the
magnetic fraction.
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or greater will impinge the outer wall of the channel and
potentially be pinned to that location. From Figure 5a, islets
infused with one to five Dynabeads flowing at 30 mL=min
should be continuously removed in stream b; IEQ with a
greater number of Dynabeads would have to be washed
from the channel after removing it from the magnet.

QMS separation of islets

A total of four porcine donor organs were infused and
processed for magnetic separation. In the case of the first two
donors, P396 and P397, once the pancreata were infused with
magnetic beads and digested, the resulting tissue suspen-
sions were split into halves: one half was prepurified by a
standard density gradient methodology. Both halves were
then fed to the QMS. Two later donors, P411 and P412, were
fed to the QMS immediately after digestion without prior
purification with density gradients. Manual islet counts via
dithizone staining were used to assess the number of islets
passing into and out of the QMS. Flow rate, inlet ratio
(Rin=Rout), and feed concentration were varied to test the
sensitivity of the recovery. Results of the four studies are
given in Table 3.

Quality of Dynabead-infused islets

Studies were also conducted to determine if the presence
of Dynabeads within the islets (P382, P383, P396, and P397)
and passage through the QMS (P396 and P397) had any
deleterious effects on their quality. Figures 7a–c present in-
sulin stimulation index, ATP concentration (mmol mg�1

DNA), and OCR per DNA (nmol min�1 mg�1 DNA), re-
spectively, of uninfused (control) islets and islets infused
with Dynabeads. Both sets of islets were purified by density
gradient. Islets that were not prepurified with density gra-
dients were highly impure and could not be appropriately
tested for quality. Islets purified with density gradients and
subsequently passed through QMS were not significantly
different in terms of insulin stimulation index, ATP content,
or OCR compared to islets from the same batch never sub-

jected to QMS. Although there is significant variability be-
tween isolations, the presence of Dynabeads had no
statistical effect on islet health (viability and function) as
evaluated by these assays.

In addition to the in vitro tests, islets were evaluated in vivo
for their ability to reverse diabetes in mice. About 2000 IEQ
from different lobes (with and without infused Dynabeads)
of the same donor pancreas were transplanted underneath
the kidney capsule of diabetic nude mice as described in the
Materials and Methods section. About 75% (3=4) of the mice
receiving control islets and 80% (4=5) of mice receiving in-
fused islets regained euglycemia. These data suggest that the
presence of magnetic beads within porcine islets does not
impair their viability and function as indicated by their
ability to reverse diabetes in mice.

Discussion

In this study we attempted to capitalize on the hy-
pervascularity of islets compared with acinar tissue previ-
ously reported in the rat9,33–34 to scale-up and explore the
preferential enrichment of porcine islets with magnetic
beads, followed by instant purification in a magnetic field
utilizing a continuous high-throughput quadrupole mag-
netic sorter.

It was initially hoped that a simple infusion of a Dynabead
suspension into the celiac trunk of the aorta would be suf-
ficient for homogeneous distribution of beads through the
porcine pancreas. However, as demonstrated in the Results
section, this was not true, and improvements in the bead
infusion protocol are clearly needed for homogeneous and
consistent islet labeling. The recent detailed characterization
of the porcine pancreatic anatomy and the optimization of
pancreas procurement and flushing protocols by our group35

are expected to contribute substantially to the development
of techniques for homogeneous bead infusion within the
porcine pancreas in the near future. Further, even though
Dynabeads were the proper size for the islet microvascula-
ture, they were far more magnetic than necessary for effec-
tive QMS with the current system. Use of beads with lower

Table 3. Samples Were Fed to the QMS Immediately After Digestion or After

a Prepurification Step by Density Gradients

Donor Preparation
Flow rate
(mL=min) Rin=Rout

Sample vol.
(mL)

No. of islets
(�103)

Islet
recovery (%)

P396 Density Gradient 50 0.2=0.4 30 16 20
Density Gradient 50 0.2=0.4 30 24 83
Density Gradient 50 0.2=0.4 30 25 51
Raw Digest 50 0.2=0.4 30 9 67

P397 Density Gradient 50 0.2=0.4 30 27 70
Raw Digest 20 0.2=0.4 60 2 66
Raw Digest 20 0.5=0.5 120 9 39
Density Gradient 50 0.2=0.4 30 30 39

P411 Raw Digest 30 1.0=0.4 240 3 32
Raw Digest 10 1.0=0.4 480 10 37
Raw Digest 50 1.0=0.4 480 33 20

P412 Raw Digest 30 1.0=0.4 175 6 73
Raw Digest 10 1.0=0.4 175 3 41

Rin is the ratio of sample volume (a0) to the total feed volume (a0 þb0), and Rout is the ratio of nonmagnetic outlet (a) to the total outlet
volume (aþ b). Islet recovery refers to the number of islets recovered from the magnetic outlet and rinsed from the channel compared to the
number of islets in the feed.
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magnetic content and=or modified QMS equipment will ad-
dress this issue.

As the data in Table 3 indicate, when digested islets were
first isolated in a density gradient and then a known amount
of islets were separated by the QMS, the recovery of the islets
ranged from 20% to 83%. When the islets were separated
immediately after digestion (referred to as raw digest in
Table 3), the recovery from the magnetic separator ranged

from 20% to 73%. Since in neither approach was the fraction
of islets that contained Dynabeads determined, it is highly
likely that the large range of variability of recovery of islets
from the QMS system was a function of whether Dynabeads
were in the islets, and not whether the islets were preisolated
in a density separation step. This is encouraging, since the
long-term goal of this work is to replace the density sepa-
ration with magnetic separation. A further encouraging re-
sult was the observation that both the infusion the
Dynabeads into the islets and the QMS separation had no
apparent physiological effect on the islets as determined by
glucose-stimulated insulin secretion, ATP content, OCR
measurements, and the ability of the islets to reverse diabetes
in nude mice.

However, the islets recovered by QMS without prior
density gradient purification never exceeded 15% purity.
This results in a situation of high recovery of labeled tissue
accompanied by high contamination with unlabeled tissue,
as recently reported in the literature on human islets.17 It is
hypothesized that uninfused tissue was being drafted by
large agglomerations of free Dynabeads that accompany the
digestate into the QMS. Such wide nets of linked magnetic
Dynabeads can be clearly seen in Figure 4b. It is plausible
that as these magnetic nets are drawn to the outer channel
wall, unlabeled acinar tissue is caught up in the magnetic
nets and contaminates the labeled islets. Possible methods
for increasing the resulting purity of isolated labeled islets
are (1) rinsing the infused lobe with buffer to remove most
uninfused beads, (2) utilizing fewer or less magnetic beads,
or (3) employing a weaker magnetic field so as to reduce the
size of the nets of free Dynabeads within the suspension.

The QMS channel used in the current study was originally
designed to purify rare cancer and stem cells. Noncritical
dimensions within fittings and connections are appropriate
for individual mammalian cells but not optimal for un-
purified digested pancreatic tissue and islets. Preliminary
estimates of the islet damage threshold limited throughput to
a range that was not expected to damage microcarrier cul-
tures36 until the stress threshold for islets themselves is es-
tablished. Ongoing studies in our laboratories will determine
the maximum hydrodynamic forces that islets can sustain
without damage so that optimum bioprocessing equipment
can be designed.

Obtaining homogeneity of bead infusion and, more im-
portantly, efficient magnetic purification of the labeled islets
have proven difficult to achieve in the human17 and porcine
pancreas model. The difficulties in scaling-up are in part due
to suboptimal bead infusion techniques, primarily because of
incomplete understanding of the complex anatomy of the
porcine pancreas vasculature and suboptimal flushing of the
porcine pancreas before bead infusion. Consistent bead in-
fusion and homogeneous distribution in porcine pancreata
can be achieved through detailed understanding of the
porcine pancreatic anatomy and modifications in the pro-
curement and flushing techniques as well as the timing,
location, mode of infusion, and the bead size, and concen-
tration within the infused suspension. Effective magnetic
purification of porcine (and human) islets will require the
design of specific instrumentation tailored to the unique
properties of islets.

In conclusion, proof of concept of preferential labeling of
islets with magnetic beads and retrieving them after passing
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them through QMS without compromising their viability
and function has been demonstrated. However, difficulties in
the use of the preclinical porcine model have been encoun-
tered, and solutions have been proposed. Should these so-
lutions be successfully implemented, this technology can be
ultimately applied to the routine and effective purification of
porcine and human islets.
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