Series Editor T. Scheper
Volume Editors
A. Kumar - |. Y. Galaev - B. Mattiasson

Cell Separation

Fundamentals, Analytical and
Preparative Methods

@ Springer



106

Advances in Biochemical
Engineering/Biotechnology

Series Editor: T. Scheper

Editorial Board:

W. Babel - I. Endo - S.-O. Enfors - A. Fiechter - M. Hoare - W.-S. Hu
B. Mattiasson - J. Nielsen - H. Sahm - K. Schiigerl - G. Stephanopoulos
U. von Stockar - G. T. Tsao - R. Ulber - C. Wandrey - J.-J. Zhong



Advances in Biochemical Engineering/Biotechnology

Series Editor: T. Scheper

Recently Published and Forthcoming Volumes

Biosensing for the 21st Century
Volume Editors: Renneberg, R., Lisdat, F.
Vol. 109, 2008

Biofuels
Volume Editor: Olsson, L.
Vol. 108, 2007

Green Gene Technology

Research in an Area of Social Conflict
Volume Editors: Fiechter, A., Sautter, C.
Vol. 107, 2007

Cell Separation

Fundamentals, Analytical and Preparative
Methods

Volume Editors: Kumar, A., Galaev, L.Y.,
Mattiasson, B.

Vol. 106, 2007

White Biotechnology
Volume Editors: Ulber, R., Sell, D.
Vol. 105, 2007

Analytics of Protein-DNA Interactions
Volume Editor: Seitz, H.
Vol. 104, 2007

Tissue Engineering II

Basics of Tissue Engineering and Tissue
Applications

Volume Editors: Lee, K., Kaplan, D.

Vol. 103, 2007

Tissue Engineering I

Scaffold Systems for Tissue Engineering
Volume Editors: Lee, K., Kaplan, D.

Vol. 102, 2006

Cell Culture Engineering
Volume Editor: Hu, W.-S.
Vol. 101, 2006

Biotechnology for the Future
Volume Editor: Nielsen, J.
Vol. 100, 2005

Gene Therapy and Gene Delivery Systems
Volume Editors: Schaffer, D. V., Zhou, W.
Vol. 99, 2005

Sterile Filtration
Volume Editor: Jornitz, M. W.
Vol. 98, 2006

Marine Biotechnology II
Volume Editors: Le Gal, Y., Ulber, R.
Vol. 97,2005

Marine Biotechnology I
Volume Editors: Le Gal, Y., Ulber, R.
Vol. 96, 2005

Microscopy Techniques
Volume Editor: Rietdorf, J.
Vol. 95, 2005

Regenerative Medicine II

Clinical and Preclinical Applications
Volume Editor: Yannas, I. V.

Vol. 94, 2005

Regenerative Medicine I
Theories, Models and Methods
Volume Editor: Yannas, I. V.
Vol. 93,2005

Technology Transfer in Biotechnology
Volume Editor: Kragl, U.
Vol. 92, 2005

Recent Progress of Biochemical and Biomedical

Engineering in Japan II
Volume Editor: Kobayashi, T.
Vol. 91, 2004



Cell Separation

Fundamentals, Analytical and Preparative Methods

Volume Editors:
Ashok Kumar - Igor Yu Galaev - Bo Mattiasson

With contributions by

T. Aarvak - M. Bonyhadi - J. M. S. Cabral - S. Camacho - S. Craig
M. B. Dainiak - G. van den Engh - I. Y. Galaev - J. Hubble

S.E. Ibrahim - M. Kamihira - A. Kumar - E. Lien - B. Mattiasson

A. A. Neurauter - L. Ngkleby - R. E. Nordon - F. M. Plieva - E. Ruud

@ Springer



Advances in Biochemical Engineering/Biotechnology reviews actual trends in modern biotechnology.
Its aim is to cover all aspects of this interdisciplinary technology where knowledge, methods and
expertise are required for chemistry, biochemistry, micro-biology, genetics, chemical engineering and
computer science. Special volumes are dedicated to selected topics which focus on new biotechnological
products and new processes for their synthesis and purification. They give the state-of-the-art of
a topic in a comprehensive way thus being a valuable source for the next 3-5 years. It also discusses
new discoveries and applications. Special volumes are edited by well known guest editors who invite
reputed authors for the review articles in their volumes.

In references Advances in Biochemical Engineering/Biotechnology is abbeviated Adv Biochem En-
gin/Biotechnol and is cited as a journal.

Springer WWW home page: springer.com
Visit the ABE content at springerlink.com

Library of Congress Control Number: 2007935921

ISSN 0724-6145
ISBN 978-3-540-75262-2 Springer Berlin Heidelberg New York
DOI10.1007/978-3-540-75263-9

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September 9, 1965, in its current version, and permission for use must always be obtained from
Springer. Violations are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com
(© Springer-Verlag Berlin Heidelberg 2007

The use of registered names, trademarks, etc. in this publication does not imply, even in the absence
of a specific statement, that such names are exempt from the relevant protective laws and regulations
and therefore free for general use.

Cover design: WMXDesign GmbH, Heidelberg
Typesetting and Production: LE-TgX Jelonek, Schmidt & Vockler GbR, Leipzig

Printed on acid-free paper 02/3141YL-543210



Series Editor

Prof. Dr. T. Scheper

Institute of Technical Chemistry
University of Hannover
Callinstrafle 3

30167 Hannover, Germany
scheper@iftc.uni-hannover.de

Volume Editors
Dr. Ashok Kumar

Department of Biological Sciences
and Bioengineering

Indian Institute of Technology
Kanpur, 208016-Kanpur

India

ashokkum@iitk.ac.in

Dr. Igor Yu Galaev

Department of Biotechnology
Center for Chemistry

& Chemical Engineering
Lund University

Lund 22100

Sweden
igor.galaev@biotek.lu.se

Prof. Dr. Bo Mattiasson

Department of Biotechnology
Center for Chemistry

& Chemical Engineering
Lund University

Lund 22100

Sweden
bo.mattiasson@biotek.lu.se



VI

Editorial Board

Prof. Dr. W. Babel

Section of Environmental Microbiology
Leipzig-Halle GmbH

Permoserstrafle 15

04318 Leipzig, Germany
babel@umb.ufz.de

Prof. Dr. I. Endo

Saitama Industrial Technology Center
3-12-18, Kamiaoki Kawaguchi-shi
Saitama, 333-0844, Japan
all02091@pref.saitama.lg.jp

Prof. Dr. S.-O. Enfors

Department of Biochemistry and
Biotechnology

Royal Institute of Technology
Teknikringen 34,

100 44 Stockholm, Sweden
enfors@biotech.kth.se

Prof. Dr. M. Hoare

Department of Biochemical Engineering
University College London

Torrington Place

London, WCI1E 7JE, UK
m.hoare@ucl.ac.uk

Prof. Dr. W.-S. Hu

Chemical Engineering

and Materials Science

University of Minnesota

421 Washington Avenue SE
Minneapolis, MN 55455-0132, USA
wshu@cems.umn.edu

Prof. Dr. Bo Mattiasson

Department of Biotechnology
Chemical Center, Lund University
P.O. Box 124, 221 00 Lund, Sweden
bo.mattiasson@biotek.lu.se

Editorial Board

Prof. Dr. J. Nielsen

Center for Process Biotechnology
Technical University of Denmark
Building 223

2800 Lyngby, Denmark
jn@biocentrum.dtu.dk

Prof. Dr. H. Sahm

Institute of Biotechnolgy
Forschungszentrum Jiilich GmbH
52425 Jiilich, Germany
h.sahm@fz-juelich.de

Prof. Dr. G. Stephanopoulos

Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139-4307, USA
gregstep@mit.edu

Prof. Dr. U. von Stockar

Laboratoire de Génie Chimique et
Biologique (LGCB)

Swiss Federal Institute of Technology
Station 6

1015 Lausanne, Switzerland
urs.vonstockar@epfl.ch

Prof. Dr. G. T. Tsao

Professor Emeritus

Purdue University

West Lafayette, IN 47907, USA
tsaogt@ecn.purdue.edu
tsaogt2@yahoo.com

Prof. Dr. Roland Ulber

FB Maschinenbau und Verfahrenstechnik
Technische Universitidt Kaiserslautern
Gottlieb-Daimler-Straf3e

67663 Kaiserslautern

Germany

ulber@mv.uni-kl.de



Editorial Board

Prof. Dr. C. Wandrey

Institute of Biotechnology
Forschungszentrum Jiilich GmbH
52425 Jiilich, Germany
c.wandrey@fz-juelich.de

Honorary Editors

Prof. Dr. A. Fiechter

Institute of Biotechnology
Eidgendssische Technische Hochschule
ETH-Honggerberg

8093 Ziirich, Switzerland
ae.fiechter@bluewin.ch

VII

Prof. Dr. J.-J. Zhong

Bio-Building #3-311

College of Life Science & Biotechnology
Key Laboratory of Microbial Metabolism,
Ministry of Education

Shanghai Jiao Tong University

800 Dong-Chuan Road

Minhang, Shanghai 200240, China
jjzhong@sjtu.edu.cn

Prof. Dr. K. Schiigerl

Institute of Technical Chemistry
University of Hannover, Callinstrafle 3
30167 Hannover, Germany
schuegerl@iftc.uni-hannover.de



Advances in Biochemical Engineering/Biotechnology
Also Available Electronically

For all customers who have a standing order to Advances in Biochemical
Engineering/Biotechnology, we offer the electronic version via SpringerLink
free of charge. Please contact your librarian who can receive a password or free
access to the full articles by registering at:

springerlink.com

If you do not have a subscription, you can still view the tables of contents of the
volumes and the abstract of each article by going to the SpringerLink Home-
page, clicking on “Browse by Online Libraries”, then “Chemical Sciences”, and
finally choose Advances in Biochemical Engineering/Biotechnology.

You will find information about the

Editorial Board

Aims and Scope
Instructions for Authors
Sample Contribution

at springer.com using the search function.



Attention all Users
of the “Springer Handbook of Enzymes”

Information on this handbook can be found on the internet at
springeronline.com

A complete list of all enzyme entries either as an alphabetical Name Index or
as the EC-Number Index is available at the above mentioned URL. You can
download and print them free of charge.

A completelist of all synonyms (more than 25,000 entries) used for the enzymes
is available in print form (ISBN 3-540-41830-X).

Save 15%

We recommend a standing order for the series to ensure you automatically
receive all volumes and all supplements and save 15% on the list price.



Preface

Cell separation, which was once limited to merely being a basic technique
for fractionating different cell populations, has come a long way in the last
two decades. New, advanced and more specific and selective techniques have
emerged as the demand for isolating a specific cell type for various biological
applications has increased. Efficient and cost-effective techniques for frac-
tionation and isolation of target cell types are necessary to provide pure cell
populations for diagnostics, biotechnological and biomedical applications.
One can see a considerable need, both in biomedical research and in diag-
nostic medicine, for the specific separation of a discrete population of cells
from a mixture. For example, in the field of tissue engineering, isolation of
stem cells from tissues or organs is of particularly great importance. Moreover,
understanding cell developmental pathways becomes increasingly significant
as diagnosis and treatment of diseases turns more to the molecular level. The
diagnosis of cell-related diseases requires methods of detection, isolation and
the analysis of individual cells, regardless of their relative content in the tissue.
Since cell-based therapies now turn towards more realistic medical options,
developing an effective separation system for large-scale cell separation has
become challenging research goal for cell biologists and biotechnologists. The
ideal technique should provide in a short time a good yield of cells with high
purity while maintaining cell function. Despite the growing need for methods
to separate cells into cell subpopulations, the existing cell-separation tech-
niques still have some limitations when the desired degree of performance on
a preparative scale is required. We will see more research focus in this direction
in the future.

The traditional techniques of microfiltration, ultrafiltration and ultracen-
trifugation, which exploit differences in cell size, shape and density, have
remained the workhorses despite low specificity and problems with scaling up.
Flow cytometry, where the target cells are labelled with an immunofluorescent
probe, is an accurate and routinely used method. With new developments in
flow cytometry, one may more commonly see the availability of such a robust
technique at affordable costs and efficient timescales. On the other hand, mag-
netic bead separation technology has gained popularity within the fields of
cell biology and medical microbiology and new products have appeared in the
last decade that have simplified the cell-separation technology arena. Selective
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separation of different cell types is now possible by using specific antibody
coated magnetic particles that interact with the cell surface markers. It is felt
that despite expansion of techniques and an increase in the scientific and
technological knowledge associated with it, few books have been dedicated to
reviewing the current status of cell-separation technologies.

This special volume on cell separations discusses fundamental and applied
aspects of the analytical and preparative cell-separation technologies. The
aim is to enlighten the reader with the new developments in cell-separation
technologies and at the same time provide sufficient knowledge with other
existing and more commonly used techniques. The volume is comprised of
contributions from subject experts from both academia and industry, focuses
on the research and commercial aspects of cell-separation technology, and
provides readers with broader choice. Unlike protein separation, the major
challenge in cell separation has been the recovery of the cells in viable form
after they are bound to the separation matrix, as cells bind more strongly
through multipoint attachment. This is an important focus of the present work
and one we believe will provide new insight to researchers in this field.

The first introductory chapter, Methods in Cell Separations, gives a brief
overview of the most commonly used cell-separation methods, which are dis-
cussed in terms of cell fractionation yields, throughput and purity. The chapter
gives a brief introduction to some of these technologies, which are further dis-
cussed in more detail in separate chapters. The most important aspect of the
introductory chapter is the updated information regarding commercially avail-
able reagents and methods for cell separations and the companies producing
them. The remaining chapters in the volume provide the reader with infor-
mation on each of the methods described, ranging from the basic technical
principle of a method to its applications. The advantages and limitations of
each technology reviewed are discussed, providing the reader with a critical
view of each method and its applications. The introduction of cryogels as new
tool for cell separations will provide readers with new ideas of their appli-
cations and this will certainly help researchers with the design of their own
cell-separation projects. In conclusion, we believe the volume brings to the
attention of researchers at all levels the variety of methods available for sepa-
rating viable populations of cells and addresses the needs and challenges for
future research in this growing field.

Lund, July 2007 Ashok Kumar
Igor Yu Galaev
Bo Mattiasson
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Methods in Cell Separations

Maria B. Dainiak!*? - Ashok Kumar!'> - Igor Yu. Galaev! -
Bo Mattiasson! ()

!Department of Biotechnology, Center for Chemistry and Chemical Engineering,
Lund University, P.O. Box 124, 221 00 Lund, Sweden
Bo.Mattiasson@biotek.lu.se

2Protista Biotechnology AB, IDEON, 223 70 Lund, Sweden

3Department of Biological Sciences and Bioengineering,
Indian Institute of Technology Kanpur, 208016 Kanpur, India

Abstract Research in the field of cell biology and biomedicine relies on technologies that
fractionate cell populations and isolate rare cell types to high purity. A brief overview
of methods and commercially available products currently used in cell separations is
presented. Cell fractionation by size and density and highly selective affinity-based tech-
nologies such as affinity chromatography, fluorescence-activated cell sorting (FACS) and
magnetic cell sorting are discussed in terms of throughput, yield, and purity.

Keywords Cell separation - Purity - Recovery - Throughput - Surface antigen -
Antibodies - Stem cells

Cell separation technology is an important tool in cell biology, immunology,
stem cell research, and cancer research, allowing for the analysis and sub-
sequent cultivation of defined cell populations. There is considerable need
for the specific isolation and characterization of intact fetal cells in maternal
blood for non-invasive prenatal diagnosis, stem cells for cell-based therapy,
for separation of immunocompetent from non-immunocompetent cells, and
of malignant cells from normal cells [1-5]. For example, highly efficient re-
moval of tumor cells is required for autologous bone marrow transplantation.
Enrichment steps are also necessary for the detection of low numbers of tu-
mor cells in blood for disease prognosis [6]. Isolation and assessment of the
functionality of T lymphocytes are vital in determining the progression rate
in human immunodeficiency virus (HIV) infection and acquired immunode-
ficiency syndrome (AIDS), transplant rejection, and autoimmune disease [7].
Positive selection of hematopoietic stem cells (HSC) is now an essential step
in cellular therapy. Due to their unique self-renewal and differentiation cap-
acity HSC offer great potential for the treatment of hematological disorders,
inborn errors of metabolism, and immunodeficiency [8, 9]. There are several
important reasons for using highly purified progenitor cells in transplanta-
tion. As mentioned above, in autologous bone marrow transplantation it is
necessary to remove tumor cells from the graft product. In allogeneic trans-
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plantation, the rationale for using purified stem cells is the depletion of T
and B lymphocytes to avoid graft-versus-host-disease (GvHD), a common
complication of allogeneic bone marrow transplantation, in which functional
immune cells in the transplanted marrow recognize the recipient as “foreign”
and mount an immunologic attack.

In general, stem cells purified from either a donor or the patient hold great
promise in tissue engineering and in gene therapy. In the latter case, trans-
ducing an isolated progenitor cell should give rise to an unlimited number of
similarly “repaired” cells, potentially curing single-gene disorders [10]. Apart
from biomedicine and immunology, another wide area of applications of cell
separation techniques is the isolation and detection of pathogenic microor-
ganisms and protozoan parasites in various samples in food, clinical and
environmental microbiology, and parasitology [11-14].

Due to the great importance of the cell sorting applications described
above, the development of separation technologies has been focused on
methods for increasing the purity and recovery of rare cell types, such as stem
cells, antigen-specific B and T cells, and rare circulating tumor cells [15-17].
It is a challenging task, because target cells may occur at frequencies below
one per million [17]. For example, the frequency of B cells specific for any
particular antigen is usually less than 1% [18]. The percentage of HSC differs
in different sources: it is less than 0.5% of peripheral blood cells but may in-
crease to 1-5% after mobilization, whereas bone marrow mononuclear cells
contain approximately 1.5% of HSC [3].

In traditional cell isolation processes, pre-enrichment steps are usually
carried out for “debulking” the sample (for example, whole blood) using the
differences in cell density or size [19]. The removal of unwanted cell popu-
lations is followed by more selective methods that can yield higher numbers
of purified target cells. It is important that the isolated cells retain viabil-
ity and biological function after the separation process. Thus, cell isolation
techniques should be as mild as possible and avoid the use of interfering sub-
stances and shear forces during the process. As any isolation technique, the
performance of cell separation is typically characterized by three parameters:
throughput, purity, and recovery. Throughput is how many cells can be sepa-
rated in a certain time, purity is the fraction of the target cells in the sample
collected after the separation, and recovery is the fraction of the target cells
obtained after the separation as compared to initially available target cells in
the sample. It is still often necessary to choose between high purity with poor
recovery and good recovery with lower purity [16].

The existing cell separation methodologies can be classified into two main
groups. The first is based on physical criteria like size, shape, and dens-
ity differences and includes filtration and centrifugation techniques [20-22].
These methods are commonly used for debulking heterogeneous samples.
The second group comprises affinity methods such as capture on affinity
solid matrix (beads, plates, fibers) [23-26], fluorescence-activated cell sorting
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(FACS) [27,28] and magnetic cell sorting [29, 30], which are based upon bio-
chemical cell surface characteristics and biophysical criteria (in FACS). The
basic principles of these methods, some examples of their main applications
with an emphasis on stem cell isolation, and a few examples of cell separation
products will be briefly described and discussed in terms of yield, purity, and
scalability.

Table 1 describes some of the commercially available methods and
reagents that make use of either the physical criteria or the affinity recogni-
tion of cells. A technique of cell separation by size employs materials with
controlled pore sizes within the defined range (for example, woven matrix of
nylon filaments with pores size of 5-200 um, CellMicroSieves by BioDesign of
New York). It permits isolation of cells and organelles and removal of pieces
of dissociated cells from tissues, permitting only single cells to pass through.
Such materials can be used as prefilters and for the removal of cellular debris
prior to cell preparation.

Table 1 Cell separation products available commercially

Separation material ~ Application  Cell Starting Company

and description type material

CellMicro sieves, Cell Human, Dissociated  Biodesign of NY

woven matrix of fractionation mouse, tissue, media www.biodesignofny.com
pure nylon based on size rat and cells from

fibers a bioreactor

Percoll and Separates Any Blood and Amersham Biosciences
Ficoll-Paque- cells based tissue www.amershambio
Denisty gradient on density suspensions  sciences.com

medium

PrepaCyte. Negative  High yields =~ Human Heparinized BioErgonomics

selection of cells. of T-cells, peripheral www.bioe.com
Agglutinates cells via NK cells blood, bone

cell surface antigen  and CD34+ marrow or

recognition. Sediment progenitor cord blood

undesired cells cells

NIM continuous Separates Human Heparanized Cardinal Associates
density gradient neutrophils ~ or rat  blood www.cardinal-sf.com
for separation of and mono-

human mononucule- nucleated

ated cells and cells from

neutrophils. NIM2 whole blood
modified ficoll

hapaque step

gradient for animal

blood separations



Table 1 (continued)

Separation material
and description

Cellect negative
selection affinity
chromatography.
Desired cells

in flow through

Nycoprep, Lymphoprep
and OptiPrep density
gradient medium

Cellgrow Lymphocyte
separation medium.
Isoosmotic polysucrose
media with low
viscosity

ACT-CES combines
density gradient
separation with
antibody selection
using NPS (non-
porous beads) to
increase density

of labeled cells

Gel microdrop single
cells. Encapsulated
agarose matrix for
FACS

IsoCell. Negative
selection affinity
chromatography

Immunoaffinity column
kits that isolate cells
through negative
selection. Cells are
incubated with an
antibody cocktail

and cells of interest

are in flow through

Cell
type

Application

T cells

and subsets
enrichment
and
purification.
Tropoblast
purification

Human,
mouse
and rat

Human
and
animal

Separates
cells based
on density

Isolation of = Human
lymphocytes
from diluted
whole blood

Stem cell Human
enrichment,
debulking

and pre-FACS

cell

purification.

Tumor purging

and T-cell

depletion and
isolation

Mamma-
lian,
bacterial,
fungal

Isolation of
cells based
on protein
secretion or
effects of
cytotoxic
agents

Isolation and Human
enrichment of and
T-cells, CD8 mouse
or CD4 cells

Enriches for
T-cells,
subsets,
depending
upon
antibody
cocktail

Human,
mouse
and rat

Starting
material

Cell
suspension

Blood and
cell
suspension

Heparanized
blood

Whole blood
or buffy
coat

Cell
suspension

Peripheral
blood, spleen,
lymph,
thymus or
bone marrow

Density
gradient
separated
leukocytes

M.B. Dainiak et al.

Company

Cytovax
Biotechnologies
www.cytovax.com

Life Technologies/
Gibco BRL
www.lifetech.com
Mediatech
www.cellgro.com

MicraScientific
www.micrasci.com

One cell systems
www.onecell.com

Pierce Chemical
www.pierecenet.com

R&D systems
www.rndsystems.com
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Table 1 (continued)

Separation material Application  Cell Starting Company
and description type material
Centricoll. Density Separates Any Blood Sigma-Aldrich
gradient media for cells based and www.sigma-
separation of living on density tissue aldrich.com
cells suspension
Immulan coated Separates Human, Blood, Biotecx
beads. T cell, cells based  mouse, lymphocytes Laboratories
B cell and T cell on affinity cat, dog www.biotecx.com
subpopulation Kits. chromato- or monkey

graphy
Immunocolumns: rapid Separates Human, Lymphocyte Cedarlane
affinity chromatography and rat, preparation  laboratories
tools for isolation/ enriches T,  mouse www.cedarlanelabs.
enrichment of cell B-cells, CD4, com
populations CD8, CD3
Cryogel-SepA: Separates Human, Blood, Protista
Protein A-supermacro- T, B-lympho- rat, lymphocyte  Biotechnology
porous cryogel cytes, CD34+ mouse preparation, www.protista.se
monolithic affinity cells, cells cell
columns that can be suspension

labeled with

antibodies

to surface

receptor

Separation of bioparticles by centrifugation involves the use of a dens-
ity gradient medium, a reagent solution that forms a density gradient
over the desired range. In this method, pH and osmolality are easily ad-
justable allowing preservation of the integrity of cells. The sample (for
example blood) is layered on the medium and centrifuged to separate low-
density from high-density cells. Several of the separation methods to be
discussed rely on density gradient pre-enrichment techniques. Widely used
media are Percoll and Ficoll-based [22,31]. The latter is a neutral, highly
branched, high-mass, hydrophilic polysaccharide that dissolves readily in
aqueous solutions. Ficoll-Paque is widely used for the isolation of mononu-
clear cells from bone marrow, peripheral blood, and cord blood [31]. Ficoll
can also be used to separate Langerhans islets from pancreatic tissue. The
separated islets can then be used for transplantation into patients with
type I diabetes. Percoll consists of colloidal silica particles of 15-30 nm
diameter coated with poly(vinylpyrrolidone). Due to its heterogeneity in
particle size, sedimentation occurs at different rates, creating isometric
gradients. Calibration of Percoll gradients can be simplified with density
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marker beads. The beads are of predetermined densities and are color-coded
(www.amershambiosciences.com).

Among the most active areas of application of centrifugation on Percoll
medium are purification for in vitro fertilization of sperm of both human and
bovine origin, and the separation of subcellular particles and blood cells [22].
As mentioned above, density gradient separation techniques are commonly
performed as a debulking step prior to isolation of rare cell subtypes by affin-
ity fractionation techniques. Recognition of cells through surface antigens
may be used for the agglutination of the undesired cells, which are removed
by sedimentation, and the specific cell population is enriched by negative
selection. PrepCyte of BioErgonomics uses negative selection for the enrich-
ment and purification of human T-cells, NK cells, and rare cell populations
such as CD34+ progenitor cells.

Affinity separation methods for isolation of rare cell populations most
commonly are based on the use of antibodies against differentially expressed
cell-surface antigens. Enrichment of HSC is based on the use of antibodies
against surface CD34 and CD133 antigens. The CD34 antigen is a transmem-
brane glycoprotein that is expressed on human hematopoietic progenitor cells
and most endothelial cells, but is not found on mature blood cells and is
not expressed by most solid tumors [32]. Several techniques based on the
recognition of CD34 antigen have been used to purify HSC from human bone
marrow, umbilical cord, and peripheral blood (Table 2). In the autologous
setting, the use of separation techniques employing antibodies against CD34
antigen allows for effective purging of malignant cells that do not co-express
this antigen [33]. However, some malignancies, such as acute lymphoblas-
tic leukemia, co-express CD34 [34]. In such cases, separation techniques are
based on the recognition of the CD133 antigen, which is not co-expressed
by the malignant cells. CD133, a 120 kDa transmembrane glycoprotein is
a unique stem cell marker and, in contrast to the CD34 antigen, is not
expressed by late progenitors [35]. Highly purified CD133+ mobilized pe-
ripheral stem cells have already been successfully used for autologous and

Table2 Some examples of separation technologies used for isolation of CD34+ and
CD133+ cells

Technology Product and Antigen Cell Yield*  Purity® Refs.
company source % %
Immunoselection Dynabeads, CD34 PB >5 > 30 [59]
by magnetic Invitrogen BM
beads Dynal AS CB
Isolex, CD34 BM 40 93
Nexell PB 53 90

CD34> PB 76 97
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Table 2 (continued)

Technology Product and Antigen Cell Yield*  Purity* Refs.
company source % %
Isolex50, CD34 BM 70 - [3]
Baxter Healthcare CD34 PB 44 92 [67]
CD34 CB 76 - [68]
Immunoselection MACS, CD34 CB 52 60 [69,70]
by submicro- Miltenyi Biotec 41
scopic colloid CD34 PB 71 97 [37,71]
magnetic beads 77 98 [67]
56 97 [61]
<50
CD133 PB 69 94 [33]
81 93 [37]
CD133 CB 96 82 [30]
CDI33 BM 23 82 [72]
High-speed High-speed cell CD34  PB 60 88 [73]
fluorescence- sorter, Thyl
activated SyStemix
cell sorting
Immuno- Ceprate SC, CD34 PB 50 - [74]
adsorption CellPro 53 62 [75]
columns 35 72 [43]
CD34 BM 46 64 [76]
Antibody CD34 Cellector CD34 BM 74 60 [77]
panning flask, AIS 15 33 [59]
selection

BM bone marrow, PB peripheral blood, CB cord blood
2 median values, if not indicated otherwise
b simultaneous + / - selection of CD34+ cell selection and T cell depletion

allogeneic transplantation in acute lymphoid leukemia [36, 37]. Enrichment
of antigen-specific B cells is an example of another purification system, which
involves the use of antigens for isolation of target cells [16]. B cells express
surface immunoglobulin (sIg) molecules as antigen binding receptors [38].
Each B cell expresses slIg with a single antigen binding specificity, and only
a few thousand B cells express receptors that are specific for any given anti-
genic epitope [39].

Typically, antibody labels are covalently linked to either a molecule (in im-
munofluorescent technology, FACS), a particle (in immunomagnetic technol-
ogy), or a support matrix (immunoadsorbents in chromatography or bottom
of a vessel in panning).

Immunoadsorbents are used either for negative selection, in which un-
wanted cells adhere to the column and the target cells pass through unre-
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tained [40], or for positive selection in which target cells bind to affinity
adsorbent and, after washing, cells are released and eluted in a purified
form [41,42]. An example of negative selection is the enrichment of human
T cells by selective removal of B lymphocytes using IgG-treated glass beads in
Cellect and Cellect Plus columns marketed by Cytovax Biotechnologies, or in
IsoCell kits from Pierce Chemicals [19]. Enrichment of the target cells using
the Cellect system occurs in three steps. The first step involves the reconstitu-
tion of polyclonal antibodies and glass bead matrix and packing the column.
Then, the cell suspension, which does not necessarily need to be pre-enriched
by density gradient centrifugation, is applied to the column at a predefined
flow rate. Too high a flow rate may prevent adhesion of the target cells and
too low a flow rate leads to non-specific binding of the unwanted cells. Buffer
is added to wash out target cells at optimum flow rates. Using this method,
a removal of greater than 95% of B cells has been reported [19].

An example of positive selection is an immunoaffinity system, which
is based on avidin coupled to polyacrylamide beads to selectively bind
cells labeled with biotin-conjugated antibodies [41]. The method is used in
Ceprate SC stem cell concentration system by CellPro, which consists of a col-
umn containing beads linked to avidin and a mechanical stirring device
incorporated into the column. The purification procedure for HSC consists
of the following steps. The cells are incubated with biotinylated anti-CD34
monoclonal antibodies. After washing to remove an excess of non-bound an-
tibodies, the CD34 IgG-labeled cells are loaded onto the filtering pre-column
to reduce non-specific binding. Then, the cells are applied to Ceprate avidin
column. Non-labeled cells pass through the column while antibody-labeled
cells adhere because of the biotin label to the avidin beads and are recovered
from the adsorbent by mechanical agitation. In more detail, the effect of the
mechanical forces on the cell detachment is discussed in a separate chapter
in this volume - Affinity adsorption of cells to surfaces and strategies for cell
detachment.

The yields of CD34+ cells obtained after this procedure are in the range of
35-58% [43-45]. The low yields have been a common problem of cell isola-
tion procedures using immunoadsorbents due to the difficulties in recovering
bound cells without effecting cell viability and function [46, 47]. The difficulty
arises from the polyvalent nature of interactions between multiple receptors
on the cell surface and multiple ligands on the affinity matrix [48].

Recently, an efficient method of detachment of affinity-bound cells by me-
chanical compression of novel affinity adsorbents, monolithic macroporous
hydrogels, so called cryogels, has been introduced to overcome this prob-
lem [49, 50]. Cryogels have been designed specifically for chromatography
of biological nanoparticles and are characterized by large (10-100 um) in-
terconnected pores, porosity of 89-91%, and high elasticity (Fig. 1). Protein
A-cryogel columns have been used for separation of IgG-labeled B cells from
T lymphocytes [42] and for positive selection of antiCD34-labeled CD34+ hu-
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(B)

full size compressed

Fig.1 Scanning electron micrograph of a cryogel (A). Full-sized and compressed pro-
tein A-cryogel (B)

man acute myeloid leukemia cells (KG-1) [49,51]. Bound cells get released
when the affinity matrix undergoes an elastic deformation (Fig. 2). This pro-
cedure does not require specific eluents, harsh elution conditions, or gener-
ation of shear forces. Up to 85% KG-1 cells with viability of 80-85% were
recovered using this procedure [49]. This technique is discussed in more de-
tail in another chapter in this volume - Chromatography of living cells using
supermacroporous hydrogels, cryogels.

Monolithic matrices represent a novel generation of chromatographic sup-
ports, which are now being increasingly used for liquid and gas chromatogra-
phy, capillary electrochromatography, and as supports for solid phase synthe-
sis. The recent developments of monolithic adsorbents have shown tremen-
dous potential in their application for the separation of proteins, oligonu-
cleotides, plasmids, viruses, and nanoparticles.

Chromatography columns based on continuous beds (monolithic sup-
ports) offer advantages for separation of large biomolecules compared to
traditional columns packed with beads or other particles. Because of superior
mass-transfer and an open structure, monoliths provide very rapid separa-
tion and high resolution for large molecules. Earlier efforts at developing
monolith supports have yielded some capabilities in analytical applications
but have not translated to preparative use.
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Fig.2 Schematic presentation of the mechanism of detachment of bound cells induced by
cryogel deformation
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A complete new line of analytical and preparative monolithic columns
have now been developed. The new columns operate under low to moderate
pressures and can be used directly with all existing chromatographic equip-
ment. The most important feature of such supports is that the mobile phase is
forced to flow through the large pores of the medium. This enables rapid mass
transfer, as well as high efficiencies, even at flow rates as high as 5-10 bed vol-
umes per minute. In addition, the capacity and resolution are not affected by
flow, therefore extremely fast separations are possible and the productivity of
chromatographic processes can be increased by at least one order of magni-
tude over traditional chromatographic columns packed with porous particles.

Most of the porous monolithic matrices are produced from hydropho-
bic materials that show great promise in various biotechnological applica-
tions [52]. However, they have some limitations when dealing with separation
processes of proteins, particles, cell organelles, or whole cells because of
the non-specific interactions. In contrast, hydrophilic macroporous materials
have a large application area in bioseparation allowing chromatographic sep-
aration of such particulate objects. The production of highly porous materials
from hydrophilic polymers has not been addressed much so far. The pro-
duction of macroporous agarose gels by double-emulsion procedures is one
of the rare exceptions of successful production of hydrophilic macroporous
material [53]. However, the technology suffers from poor reproducibility and
the necessity of intensive washing of the macroporous material to remove
the solvents and detergents used for double emulsion preparation. The local
concentration of the polymer in the pore walls is the same as when non-
macroporous agarose gel is formed. As hydrophilic polymers in aqueous
environment bind a lot of water, the polymer phase in macroporous sys-
tems (walls of the macropores) has lower mechanical strength (rigidity) than
polymeric phase of macroporous materials formed by hydrophobic polymers.
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Thus, macroporous materials produced from hydrophilic polymers usually
have poor mechanical characteristics and their application for chromatogra-
phy is limited as these materials tend to collapse in chromatographic columns
with increasing flow rates.

It is desirable to have a process producing hydrophilic macroporous mate-
rial where the voids in the material are formed by “displacing” polymer chains
from the pores into pore walls, so that the pore walls have high local polymer
concentration as compared to the local polymer concentration in hydrophilic
non-macroporous gels. The increased local polymer concentration in the pore
walls will ensure sufficient mechanical stability of the material. Macroporous
monolithic cryogels have been developed for cell affinity chromatography by
carrying out polymerization under moderately frozen conditions.

An emerging technology utilizing immunoaffinity interactions for cell iso-
lation is a high-speed fluorescence-activated cell sorting (FACS) [54-56].
FACS is a specific type of flow cytometry, which utilizes fluorescent affinity
markers placed on the cells for the purpose of recognizing and sorting the
cells. Flow cytometers measure relative fluorescence, size, and granularity of
a single cell as it intersects a laser beam at a high velocity. In direct label-
ing of cells for FACS, a fluorochrome is chemically conjugated to a primary
antibody that recognizes specifically an antigen of interest. In indirect stain-
ing, a fluorochrome-conjugated secondary antibody is used that recognizes
the Fc region of a non-conjugated primary antibody. The three most common
fluorochromes are fluorescein isothiocyanate (FITC), which emits green 530-
nm light; phycoerythrin (PE), which emits yellow 578-nm light; and PE-Cy5
(PE conjugated to a cyanine dye), which emits light at 670 nm [54]. In ad-
vanced procedures, it is possible to label cells with two, three, or even four
different fluorochromes simultaneously.

Figure 3 demonstrates the concept of labeling T cells in a heterogeneous
suspension of cells containing T lymphocytes with FITC- and PE-conjugated
antibodies that recognize and bind to CD8 and/or CD4 antigens on the cell sur-
face, respectively. T cells expressing CD8 are labeled with the FITC-conjugated
antibody and fluoresce green when excited by 488-nm light. T cells expressing
CD4 fluoresce yellow, and CD4/CD8 double positive cells fluoresce both green
and yellow. The principle and detailed description of flow cytometry is given in
another chapter in this volume - Flow cytometry and cell sorting.

To isolate stem cells, SyStemix has developed a high-speed flow cytome-
ter specially designed to perform the process under sterile conditions [57].
The process is based on the isolation of CD34+Thyl+ cell populations that
contains multipotent T, B, and myeloid progenitor cells. Due to the very
low frequency of CD34+Thyl+ cells in the starting population (Thyl anti-
gen is expressed on 5-25% of bone marrow CD34+ cells, and on 10-20%
of CD34+ cells in mobilized peripheral blood [3]) several enrichment steps
are necessary prior to flow cytometry. After removal of red blood cells,
platelets, granulocytes, monocytes, and other differentiated myeloid cells in
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Fig.3 Schematic presentation of fluorochrome-labeled antibodies binding to T cells that
are either positive or negative for the surface antigens CD4 and CD8

the steps before cell sorting, the remaining cells are stained with directly con-
jugated anti-CD14 and anti-CD15 antibodies for the Lin+ population, and
anti-CD34 and anti-Thyl antibodies to identify the target population. A nega-
tive gate excludes Lin+ population, while a positive CD34+Thyl+ gate sorts
the hematopoietic subset. A complete FACS procedure takes 2-3 h, while an
overall processing time is 7-8 h [57].

Apart from purification of HSC, high-speed cell sorting is used for iso-
lation of dendritic cells from peripheral blood, cell cycle analysis of rare
populations, separation of X- and Y-chromosome bearing sperm for gender
selection, and isolation of populations in different stages of T-cell develop-
ment [58]. Despite high accuracy and the ability to purify extremely rare sub-
populations, fluorescence-activated cell sorting has some major limitations,
such as losses in the yield, the requirement for special technical expertise,
and a comparatively low throughput, typically in the range between 10* and
10° cells per second [55]. Many experiments require far more cells than this.
For instance, to perform proteomic analysis, about 10 cells would be needed
to detect a protein expressed at roughly 1000 copies per cell, corresponding
to a total starting population of approximately 108 cells [55]. Hence the pro-
cess time would be up to 10% s, i.e., about 3 h. Running the high-speed sorter
for many hours is costly and may pose problems in keeping the cells in their
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best condition during a long processing time. It is also noteworthy that FACS
is one of the most expensive cell-sorting techniques with respect to initial
capital investment and dedication of personnel [59].

Magnetic cell sorting is another widely used methodology for cell separa-
tion [3,29]. The needs of separation technology are changing as the market
changes. “In the market in cell separation applied to immunology one sees
a real shift away from basic immunology toward more clinical work and ap-
plied immunology”, which leads to a demand for new grades of products.
Magnetic particles present one intriguing way of sorting cells. The separation
process for the purification of target cells using magnetic labels and magnetic
separators usually consists of the following steps. Cells are incubated with
antibodies covalently linked to magnetic beads. Cell suspension containing
magnetically labeled cells is placed in a magnetic field. Non-labeled cells flow
through the magnetic separator, while labeled cells are retained. By remov-
ing the column from the magnet, the labeled fraction can be obtained. For
selected applications the magnetic label has to be removed [29].

As in FACS technology, direct or indirect labeling of cells can be per-
formed (Fig. 4). In direct methods, antibodies coupled to magnetic particles
are added directly to cell suspension. Indirect labeling is usually performed
when no direct antibodies coupled to magnetic beads are available. In that
case, cells are first labeled either simply with a primary antibody or with a pri-
mary antibody that is for instance biotinylated, or fluorochrome-conjugated.
In a second step, magnetic labeling is performed by using magnetic beads
with coupled anti-immunoglobulin, anti-Biotin, or anti-Fluorochrome an-
tibodies. Staining with fluorochrome allows for subsequent analysis of the
separated cells by flow cytometry or microscopy.

Enrichment of target cells by magnetic separation techniques can be
achieved using positive selection or depletion strategies. In depletion
methods, the unwanted cells are magnetically labeled, get retained in the
magnetic separator, and are eliminated from the cell mixture. The target cells
pass through the separator and are collected as the enriched, unlabeled frac-
tion. This method is usually carried out for the removal of unwanted cells, or
in the cases when no specific antibody is available for target cells or labeling
of the target cells is not desirable. However, if target cells are present in very
low concentration, depletion methods may give low yield and purity due to
non-specific loss of the cells to be isolated, or due to an insufficient removal
of unwanted cells [29].

Positive selection is the most direct and specific way to isolate the target
cells from a heterogeneous cell suspension. The target cells are magnetically
labeled (directly or indirectly), get retained in a magnetic separator and fi-
nally are eluted after removal of the magnet as the enriched fraction. The
drawback of this strategy is that an additional step, i.e., removal of the mag-
netic label, may be needed depending on the type of cells, their further
application and type of magnetic particles.



14 M.B. Dainiak et al.
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Fig.4 Schematic presentation of direct and indirect magnetic cell labeling

Table 3 shows some examples of commercially available magnetic par-
ticles. Dynal’s products which include magnetic particles for manipulating
and stimulating T cells are described in the chapter Cell isolation and ex-
pansion using Dynabeads in this volume. Miltenyi Biotech, Polysciences, and
other companies have developed cell separation products based on mag-
netic microbeads. Larger particles usually have to be removed, while cells
labeled with submicroscopic magnetic beads (e.g., with MACS microbeads
by Miltenyi Biotec, which are approximately 50 nm in size) may be used di-
rectly [3, 29, 60]. Besides, due to their composition of iron oxide and polysac-
charide, the microbeads are biodegradable and typically disappear after a few
days when the cells are cultured. They have been widely used for the iso-
lation of CD34+ and CD133+ cells from different sources (Table 2) on both
small- and clinical scales, and recently have received European Community
approval for clinical use in Europe [30]. However, the purity and recovery in
MACS typically have large variances [59]. For instance, a purity of less than
50% for CD34+ cells isolated using the Direct CD34+ Progenitor Cell Iso-
lation Kit was reported by Kekarainen et al. [61]. The authors suggested an
optimized scheme for the separation consisting of two-column method and
an additional labeling step, which in fact means the performance of the same
purification procedure twice, implying increased time and costs. In another
CD34+ cell selection procedure based on the use of Isolex magnetic beads
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Table 3 Some examples of commercially available magnetic particles
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Name Diameter Composition Immobilized Manufacturer
(pm) compounds
Isolex super- 4.5 Polystyrene Secondary Abs Baxter
magnetic beads Healthcare
Dynabeads M-280 2.8 Polystyrene Secondary Abs,  Invitrogen
Dynabeads M-450 4.5 anti-CD Abs, Dynal AS
Dynabeads M-500 5 streptavidin
Magnetic particles 1 Polystyrene Streptavidin Boehringer
Magnetic 1-2 Polystyrene Protein A Polysciences
microparticles
MagaBeads 3.2 Polystyrene Secondary Abs,  Cortex Biochem.
streptavidin,
protein A,
protein G
SPHEROmagnetic 1-4.5 Polystyrene Secondary Abs,  Spherotech
particles streptavidin,
biotin
XM200 3.5 Polystyrene Secondary Abs,  Advanced
microsphere protein A Biotechnologies
MACS microbeads 0.05 Dextran Secondary Abs,  Miltenyi Biotec
anti-CD Abs,
streptavidin,
biotin,
anti-FITC,
anti-PE
Magnetic 0.09-0.6 Starch, Streptavidin, Micro-caps
nanoparticles dextran, protein A,
chitosan biotin
Ferrofluids 0.135,  Modified Secondary Abs, = Immunicon
0.175 hydrophilic streptavidin,
protein protein A

and a fully automated device, Isolex3001, a combination of two methods, sim-
ultaneous positive selection of CD34 expressing cells and T cell depletion,
resulted in 97% purity of the final HSC preparation [62].

Sometimes a combination of both methods, magnetic cell separation and
FACS, is applied in order to achieve the desired purity in the preparation of
target cells. For instance, in order to obtain highly purified HSC for high-
dose therapy in cancer patients, CD34+ cell enrichment was carried out using
Isolex immunomagnetic CD34+ positive selection followed by sorting using
SyStemix’s fluorescence-activated high-speed clinical cell sorter, resulting in
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95.3% median purity of the stem cell product [63]. However, as mentioned
earlier, despite the capability of generating pure population of cells, FACS is
not suitable when isolation of large numbers of rare cells is required. Finally,
it is also worth mentioning here that both separation procedures modify the
cell membrane, thus neither technique is preferable for subsequent analysis or
re-cultivation of the sorted cells [64].

It is rather obvious that commercial applications of the techniques dis-
cussed above have distinct advantages and disadvantages with respect to
throughput, purity, and recovery in cell separation. As the demands placed on
cell sorting technologies continue to increase, novel solutions to overcome the
limitations of inherent coupling among these three competing performance
parameters have to be found. Development of new matrices with properties
different from those of conventional chromatographic beads used for pro-
tein chromatography is one of the possible solutions for overcoming such
major obstacle as the problem of cell recovery in cell affinity chromatogra-
phy [49]. As an alternative to the existing three main categories (immunofluo-
rescent and immunomagnetic cell sorting and adsorption to immunomatrix)
of cell separation technologies, novel approaches such as dielectrophoresis-
activated cell sorting (DACS) are also being evaluated [65]. In DACS, mixtures
containing rare cells labeled with particles that differ in polarization response
are interrogated in the dielectrophoresis-activated cell sorter in a continuous-
flow manner, wherein the electric fields are engineered to achieve separation
between the dielectrophoretically labeled and unlabeled cells.
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Abstract Flow cytometry and cell sorting are well-established technologies in clinical diag-
nostics and biomedical research. Heterogeneous mixtures of cells are placed in suspension
and passed single file across one or more laser interrogation points. Light signals emitted
from the particles are collected and correlated to entities such as cell morphology, sur-
face and intracellular protein expression, gene expression, and cellular physiology. Based
on user-defined parameters, individual cells can then be diverted from the fluid stream and
collected into viable, homogeneous fractions at exceptionally high speeds and a purity that
approaches 100%. As such, the cell sorter becomes the launching point for numerous down-
stream studies. Flow cytometry is a cornerstone in clinical diagnostics, and cheaper, more
versatile machines are finding their way into widespread and varied uses. In addition, ad-
vances in computing and optics have led to a new generation of flow cytometers capable of
processing cells at orders of magnitudes faster than their predecessors, and with staggering
degrees of complexity, making the cytometer a powerful discovery tool in biotechnology.
This chapter will begin with a discussion of basic principles of flow cytometry and cell sort-
ing, including a technical description of factors that contribute to the performance of these
instruments. The remaining sections will then be divided into clinical- and research-based
applications of flow cytometry and cell sorting, highlighting salient studies that illustrate
the versatility of this indispensable technology.

Keywords Flow cytometry - Cell sorting - High-speed cell sorting - Molecular sorting -
Clinical diagnostics
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1
Introduction

Flow cytometry and cell sorting are vital tools in biological research and
clinical diagnostics. Instruments are capable of rapid and highly quantitative
interrogation of individual cells for the presence or absence of a wide range
of fluorescence and light scattering signals that correlate to cell morphology,
surface and intracellular protein expression, gene expression, and cellular
physiology [1,2]. From a separations perspective, cell sorting is an indis-
pensable technology, as heterogeneous cell suspensions can be purified into
fractions containing a single cell type based upon virtually unlimited com-
binations of user-defined parameters. Beyond the exceptionally accurate and
analytical nature, sorting function is non-destructive to the particles being
processed, with little to no effect on cell viability or function. As such, the
cell sorter becomes a starting point for boundless cellular and molecular in-
vestigations. Moreover, with advances in optics and computing technology,
and increasing demand for more intricate, high-throughput analyses, these
machines have become powerful discovery tools in biotechnology - facilitat-
ing innovation in areas such as protein engineering, drug screening, and cell
signal profiling [3]. The newest and relatively nascent arena for cell sorting re-
lates to medical therapy. While clinical diagnostics is inextricably tied to flow
cytometry, cell based therapeutics have not reached mainstream practice. As-
suredly, this will be an area of expansion in the future.

Although flow cytometry and cell sorting are established, mature tech-
nologies [4, 5], the evolution of new generation instrumentation continues
along a dichotomous course. Demands of the new biology require machines
to function at higher speeds, capable of increasing experimental complex-
ity, while the drive for better and more practical clinical diagnostic tests
imposes demands for cheap and robust analysis, particularly in geographic
areas where expensive machines are not feasible, and monitoring of disease
and efficacy of therapies is critical [6-8].

This chapter will begin with an overview of flow cytometry and cell sort-
ing, providing the reader with a basic background in cytometer function.
To follow we will discuss how changes in optics, fluidics, and computing are
influencing the field’s progression, focusing on specific areas that this tech-
nology has had a great impact upon.

2
Principles of Flow Cytometry

In essence, a flow cytometer is a fluorescence microscope that collects light
signals emitted from particles flowing across an objective lens [1,2]. There
are several styles of fluidics configurations, and this chapter will focus on the
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jet-in-air type, as this represents the vast majority of available systems. In
all cytometers, the cells or particles to be analyzed require being placed in
suspension and pressurized into a directed fluid stream. To ensure that par-
ticles emerge in single file for analysis, the sample is injected as a core stream
into a larger, surrounding column of flowing sheath fluid. Under conditions
of laminar flow, the sample then becomes hydronamically focused within the
sheath stream. Air or another gas pressurizes both streams, and it is the dif-
ferential pressure between the streams that controls sample injection rate.
Particles then emerge in single file from a small nozzle (typically 70 pm in
diameter) to form a narrow jet of fluid in air. This stream containing par-
ticles sequentially intersects one or more laser beams placed orthogonal to
the flow of fluid. The laser beams are focused such that they only illumi-
nate a single particle at any given time. If the given cell or particle contains
a fluorescent tag that is excitable by the laser, a measurable pulse of photons
of a specific wavelength will be emitted. Signals are collected by an array of
photo-detectors and optical filters, processed by specialized electronics, and
stored on a computer. At constant laser power, the intensity of emission will
be dependent on the number of fluorophores present, thereby making flow
cytometry both a qualitative and highly quantitative analysis tool. By using
multiple lasers of different wavelengths, the potential number of excitable flu-
orophores is increased, as fluorescence signals are emitted sequentially from
the same particle intersecting each laser.

Figure 1 depicts the process of flow cytometry. Sheath fluid with a central
core containing the sample to be analyzed is seen emerging from the nozzle at
the top of the figure. As the stream intersects the two lasers shown, light sig-
nals are collected by the objective lens. Downstream from the analysis point,
the stream is broken into discrete droplets so that desired particles can be di-
verted from the stream while the remainder are disposed of. The details of
cell sorting will be described in further detail below. While the most basic
machines use a single illumination laser, more advanced instruments can use
up to six excitation paths (Fig. 2). Because the jet is flowing at a constant vel-
ocity, signals are separated by a constant time. With appropriate cytometer
calibration, these signals are then processed and displayed to correspond to
an individual particle. In addition to fluorescence signals, incident laser light
is also scattered from the flowing cells. While fluorescence emission will al-
ways be at a longer wavelength (lower energy) than the laser, scattered light
will be at the same wavelength. Light scattered in the forward direction (at
a small angle with respect to the incident laser light) is proportional to the
size of the particle, while light scattered perpendicularly (orthogonal to the
incident laser light) correlates with intracellular granularity. Thus, as a result
of light scattering data alone, one can elicit useful information regarding cell
morphology.

Both fluorescence and scatter data are typically displayed in the form
of univariate histograms or bivariate scatter plots by specialized software
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Fig.1 Principles of flow cytometry. Particles are placed in a fluid stream and pass by
a laser in single file. Light scattering and fluorescence signals are detected for each pass-
ing particle. Sheath fluid with a central core containing the sample to be analyzed is
seen emerging from the nozzle at the top of the figure. As the stream intersects the two
lasers shown, light signals are collected by the round objective lens. Downstream from
the analysis point, the stream is broken into discrete droplets so that desired particles
can be charged and diverted from the stream in an electric field while the remainder are
disposed of

(Fig. 3). In the case of histograms, the x-axis will represent either fluores-
cence or scatter intensity collected from a single photo-detector on either
a linear or logarithmic scale, and the y-axis represents the number of par-
ticles with the corresponding light intensity. For instance, if a cell is tagged
with a fluorescently labeled antibody directed towards a surface protein, the
fluorescence intensity will be directly proportional to the expression level
of this protein. By using multiple antibodies one could then assess the ex-
pression levels of several membrane-bound and/or intracellular proteins of
a single cell. Any two of these parameters can be displayed simultaneously
on bivariate plots displaying data from hundreds to thousands of cells, pro-
viding a visual display that highlights different populations of cells. Because
data are easily collected from hundreds of thousands to millions of individ-
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Fig.2 High-performance cell sorter demonstrating six excitation paths. Individual laser
beams are seen being steered through the illumination light path before being focused on
the particle stream. Additional laser beams allow the measurement of more parameters
for each individual cell
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Fig.3 Sample display of data from a flow cytometer. The lower figure is a two-dimensional

scatter plot with each dot corresponding to a single cell and antigens expressed on its surface.

The upper figure represents the x-axis from the scatter plot displayed in histogram format

ual cells, flow cytometry provides tremendous statistical power in a short
amount of time. Through the input of user-defined thresholds (commonly
referred to as “gates”), one can determine the percentage of cells with a cer-
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Fig.4 Image of the drops generated by introducing an acoustic wave to the fluid stream.
The break-off point is extremely stable allowing for the precise charging of individual
drops and deflection of desired particles

tain characteristic or combination of features (e.g., protein or gene expres-
sion). Depending on the specific instrument being used, the operator then
has the remarkable ability to separate ultrapure populations of cells from
the original, heterogeneous sample. Because the end point of many studies
is simply to obtain data on the expression of certain genes and/or proteins
without the need to physically separate the cells, there is a large market
for flow cytometers that do not have cell sorting capability (referred to as
analyzers). Machines used in clinical diagnostics typically belong to this cat-
egory [1,2].

As the name implies, cell sorters, as opposed to pure analyzers, have the
added benefit of being able to select individual particles of interest and di-
vert them from the fluid stream into a collection vessel. This is achieved by
introducing a slight vibration on the nozzle to generate small waves on the
surface of the jet as it emerges from the nozzle, causing it to break into regu-
lar droplets downstream of the point of laser intersection (Fig. 4). If a given
particle is desired by the operator (as defined by a certain combination of
fluorescent and light scattering parameters), an electric charge is applied to
those drops containing the particles of interest. These particle-containing
drops can then be deflected in an electric field and collected while the re-
maining, uncharged drops are disposed of. The amount of charge applied will
affect the degree of deflection of individual drops, and hence, multiple popu-
lations of cells can be separated simultaneously by using charges of different
polarity and intensity. Because the electric charges on any given drop will re-
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pel each other, the drop of sheath fluid enclosing a desired particle acts as
a Faraday cage, protecting the contained cell from the effects of the electric
charge.

3
High-Speed Cell Sorting

With a basic understanding of flow cytometry and cell sorting, one can be-
gin to ask questions about the factors governing the performance of these
machines. In particular, how fast can they operate without compromising
the integrity of collected data or purity of sorted populations? As modern
scientific research is focused on system-based approaches, high-throughput
analysis becomes an absolute requirement, and cell sorting technology has
evolved accordingly.

Because each particle is analyzed individually, the performance of cell
sorters is intrinsically slow. The limiting rate by which particles can be ana-
lyzed and then sorted is dictated by basic physical and stochastic principles.
Concurrent advances in fluidics, optics, computers, and the electronics of
sorters have led to the development of instruments referred to as high-speed
cell sorters that can analyze and sort cells at rates approaching two orders of
magnitude over previous models. When designing a flow cytometer capable
of operating at these higher rates, it is necessary to optimize each compon-
ent of the sorting process without compromising sort quality and yield. For
example, manipulation of fluidics will have direct effect on how signals are
received and subsequently processed, and vice versa.

As particles are illuminated by one or more laser beams, specialized cir-
cuits receive signals sent from the photo-detectors, perform analog-to-digital
conversion, classify the events, and issue sort commands for those cells that
fall within specified sort windows. Modern high-level data acquisition sys-
tems and analog-to-digital converters are capable of processing signals on the
order of 1 MHz, and are therefore not limiting to the overall sort process. The
electronic circuitry of modern high-speed cytometers is digital at heart with
the best machines having little problem quantifying and classifying upwards
of 16 measurement parameters in the time it takes a cell to cross the laser in-
terrogation points [9]. However, it is not possible to sort events at a higher
rate than that at which sort drops are generated. Therefore, to achieve the
highest possible sort rate, the speed of drop generation should approximate
the speed of the electronics.

The speed of drop generation is subject to the laws of fluid dynamics.
The maximum drop formation rate is proportional to the jet velocity, which
in turn is proportional to the square root of the jet pressure [10]. This
relationship predicts that the generation of 250 x 10° dropss™' by a 70 um
nozzle would require a jet pressure of approximately 500 psi [2], higher
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than what cells can sustain to remain viable during their transit from jet
to collection vessel, not to mention outside the realm of safe laboratory
operating procedure. This pressure limitation translates to a reasonable max-
imum drop generation rate of approximately 100 x 10° s, or a jet velocity
of roughly 25ms}, and it is indeed in this regime where the top high-
speed flow cytometers perform. Because of this exponential pressure/velocity
relationship, the increased pressure at which high-speed flow cytometers op-
erate does not easily translate into increased fluid velocity, or simply “push-
ing” events across the laser beams at a higher rate. While higher jet vel-
ocity does indeed result in decreased transit time across the laser beams
(thereby decreasing the signal pulse duration and freeing up the electron-
ics to receive the next signal), substantial increases in velocity are only
achieved with tremendous and, to some extent, unattainable increases in
pressure [11].

Laws of probability also play a role in determining maximum sort rates.
Given a stable drop formation system and robust electronics, if the particles
to be analyzed arrive at the interrogation point at precisely the same inter-
val as the drop formation rate, then the maximum sort rate approximates
the rate of drop formation. However, as stochastic principles dictate, a high
event rate will ultimately lead to losses in effective sort rate due to coincident
drop occupancy. In other words, when two cells are in the beam simultan-
eously the signal cannot be interpreted unequivocally. Likewise, there will
be a certain frequency of drops containing no particles. In these situations,
when the sorter is uncertain about the accuracy of the measurement, it must
abort sort operations. At both an event rate and drop formation rate of
100 KHz, taking into account abort rates based on coincident drop occupancy,
the maximum sort rate is more along the order of 40 x 10% particless™' [1].
The discussion above reinforces the argument that the term high-speed does
not refer to simply speeding up of the sort process, but is the culmination
of precise engineering of each individual component in order to optimize
overall performance. In addition to these advancements, modern high-end
cytometers have also become modular, with openly accessible and arrange-
able parts, allowing for greater flexibility in experimental design and more
stable operation.

4
Clinical Diagnostics

For analysis purposes, the faster sort rates achievable by high-speed sorters
are not as important, as only a small number of cells need to be analyzed
to determine population distributions. However, the increased capabilities
and flexibility of high-speed sorters to measure many parameters in par-
allel using multiple lasers with high sensitivity and accuracy has greatly
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benefited both researchers and clinicians alike [12-17]. This ability to ex-
tract more information per passing particle coupled with the ability to iso-
late desired cells at relatively high throughput make high-speed cell sorters
a powerful and versatile technology. Whereas the earliest flow cytomet-
ric analyses looked for the presence of a single marker against a negative
background, it is common today to classify certain hematologic disorders
with as many as ten different fluorescence parameters [12, 18]. This num-
ber will undoubtedly be surpassed with improvements in cell sorting tech-
nology and biological discovery methods. Many of these types of analyses
that rely on fine discrimination between various cell types were not pos-
sible until the advent of high-speed flow cytometry. And, as the ability to
classify cells increases, so too will the arsenal of methods available to label
cells.

While high-speed cytometers are becoming increasingly sophisticated for
the reasons mentioned above, the evolution of flow cytometry is also pro-
gressing towards cheaper, simpler machines that can be used for routine
analysis and can be operated by users with little technical training, with the
vast majority of flow cytometers currently in use geared towards clinical di-
agnostics. With increasing financial constraints from healthcare insurance
providers, these machines are being manufactured at lower prices and geared
for use in settings outside core facilities. For example, developments in the
use of light-emitting diodes (LED) appears to be a promising avenue for
price reduction in less expensive instruments [19]. Perhaps the greatest area
where the impact of cheaper cytometers has been felt is in the detection
and monitoring of human immunodeficiency virus (HIV) infection and its
progression to the acquired immunodeficiency syndrome (AIDS). Disease
status is monitored by the patients CD4 T-helper cell counts, a parame-
ter simply measured in a cytometer. With flow cytometry, AIDS monitoring
was first possible in 1981 [20]. In a 2004 report on the status of HIV diag-
nostics, it was noted that in Brazil alone there were 85 flow cytometers in
the field, with an estimated cost of CD4 count per sample of less than five
dollars [8, 21].

Blood provides an ideal substrate for cytometry, as cells are provided in
suspension. Standard in any hospital laboratory are machines based on prin-
ciples of flow cytometry that can enumerate the complete blood count (CBC),
allowing rapid insight into factors such as patient’s red blood cells, white
blood cells, monocytes, eosinophils, and platelets — each with its own corol-
laries into a patient’s health status. Multiparametric flow analysis is quickly
replacing fluorescence microscopy and immunocytochemistry techniques in
the diagnosis and classification of many hematologic disorders and evalu-
ation of graft quality [18,22-26]. Cells of different lineages differ morpho-
logically, and hence are easily distinguishable by light scattering properties
alone. Discrete populations of cells can be purified from a heterogeneous mix-
ture for determination of their surface proteins. This type of analysis has
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certainly transformed the field of hematology, initially in the establishment
of the CD nomenclature, and today with standard use of flow in the study
of myelodysplastic syndromes [18]. Flow cytometry is used routinely for di-
agnosis, staging, classification, degree of involvement (i.e., cerebral spinal
fluid analysis), and detection of minimal residual disease. Within the last
few years alone, reports have appeared in the literature describing cellu-
lar analysis across a broad range of clinical fields including immunology,
oncology, hematology, blood banking, transplantation medicine, and genet-
ics [27-34].

Prenatal diagnostics is another clinical area where flow cytometry will con-
tinue to have an impact. Current methods rely on amniocentesis or chorionic
villus sampling, procedures which are not without risk. More recently, there
have been reports of using flow cytometry to identify and isolate fetal cells
within maternal blood [35]. This provides an easy, relatively safe, and inex-
pensive approach for prenatal diagnostics. Assessment of sperm quality by
flow cytometry has also been reported [36].

Additionally, as flow cytometers become cheaper, more manageable, and
easier to operate, they may become portable for field use in a wide assort-
ment of immunological and infectious screening applications. There will un-
doubtedly be increased use of cytometers in field clinics, water monitoring,
agriculture/veterinary diagnostics, and rapidly deployable biothreat detec-
tion [37]. A recent study was able to use flow cytometry to detect changes
related to chronic respiratory inflammation resulting in workers exposed to
inhalational toxins [38]. It is conceivable that smaller, handheld units may
even be employed for use in the battlefield during wartime [39]. More recent,
proven applications for flow cytometry demonstrating their increasing utility
and portability relate to microbial and oceanographic applications, with flow
cytometers now present on several oceanographic research vessels and reveal-
ing tremendous information regarding biodiversity in relatively unstudied
systems such as the soil and the sea [40-42].

5
Cell-Based Therapy

To date, clinical flow cytometric studies have been mainly limited to di-
agnostic, monitoring, and classification purposes. As the reliability of cell
sorting improves, there has been an emergence of cell sorters as a means for
cell-based therapy [1]. In this regard, high-speed flow cytometers may make
the most impact, as these applications demand the greatest need for higher
throughput and flexibility in measurement parameters; cells to be infused
into a patient should be extracorporeal for the shortest time possible and iso-
lated to the utmost level of purity. For instance, in the case of bone marrow
transplantation, it was unknown which of the transplanted cells had the ma-
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jor regenerative capacity. As a result, patients would receive transplants of
whole HLA-identical sibling bone marrow and hope for the best outcome.
HLA-mismatched, or unrelated grafts with concurrent immunosuppression
raised issues of tolerance and graft vs. host disease (GVHD). In 1984, Martin
et al. published a study reporting the use of “microfluorometry” to deplete T-
cells from donor marrow in order to decrease GVHD [43]. In the 1990s, the
discovery of the CD34" phenotype led clinicians to believe that cells display-
ing this surface antigen contained the stem cell function of bone marrow, and
it was soon shown that as few as 7 x 10° CD34" cells per kilogram would be
sufficient for engraftment [44]. Cells could be labeled with a CD34-reactive
antibody and purified in a cell sorter. Additional advances in hematology and
immunophenotyping will undoubtedly lead to more successful transplanta-
tions with fewer complications [45, 46].

Within the last few years, the rapidly expanding set of genes known to play
a role in cellular differentiation has led to complex staining patterns [47-49],
or “molecular signatures” [50] characteristic of the most primitive cells. So
while the first applications of clinical flow cytometry relied on screening
through large numbers of cells to acquire sufficient material for successful
engraftment, more recent trials depend on the successful identification of
a relatively rare population of uniquely labeled cells in the peripheral blood,
marrow, or cord blood compartment. While fewer of these highly defined
cells are needed, speed is of the essence, as by definition a more highly classi-
fied cell will be present in lesser quantities. As we better determine which cells
are crucial to this and other processes, high-speed cell sorters will be at the
forefront of many treatment regimes. A natural extension of the use of high-
speed cell sorters in the setting of cancer treatment is for tumor cell purging.
As our knowledge of the landscape of healthy cells increases, so too does the
information regarding malignant cells [51, 52]. For instance, if the phenotype
of a known B- or T-cell leukemia is known, cells can be removed from the pa-
tient, treated ex vivo to remove cells bearing this combination of markers and
reinfused into the patient [53].

As an additional consideration, high-speed cell sorting for clinical applica-
tions raises aspects of sorting not encountered with experimental protocols
in the laboratory. Issues of absolute sterility, cleanliness, and reliability are
of utmost importance, both to prevent sample contamination and to pro-
tect the sort operator from aerosolized particles. Further examples of cell
sorters for cell-based therapy beyond hematologic disorders include gene
therapy [52], pancreatic islet cell transplantation [54], and sperm sorting
for gender preselection [55]. The latter is the area where sorting of mam-
malian cells for reintroduction to a living organism is most used and is
established with the Food and Drug Administration (FDA). Originally de-
vised for the selection of gender-specific livestock [55], the technique relies
on the differential DNA contact of X and Y chromosome-bearing sperm. Be-
cause the X chromosome is significantly larger than the Y chromosome, when
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Fig.5 Scatter plot of bull sperm stained with a generic DNA dye. The X-bearing sperm
contain more DNA, therefore appearing as a separate population from Y-bearing sperm

sperm are incubated with a fluorescent dye that generically binds to DNA, the
fluorescence intensity is considerably higher from X chromosome-bearing
sperm than that from those sperm containing a Y chromosome (Fig. 5). As
such, X-bearing sperm can be separated in bulk and used for in vitro fer-
tilization to greatly enhance the chances for female offspring. In humans,
the difference in DNA content between X- and Y-bearing sperm accounts
for an approximately 2% difference in overall DNA content, and hence flu-
orescence signal detected by flow cytometry. Indeed this method has been
employed for the use of gender-selection in the case of families with known
X-linked diseases, and to assist with “family balancing”, sparking ongoing
ethical debate.

6
High-Speed Cell Sorting in the Research Laboratory

Cell sorting allows the investigator to analyze quantitatively several flu-
orescence and light scattering parameters of individual particles and to
purify those events with the desired characteristics for further study. No
other technology can separate a heterogeneous cell suspension into puri-
fied fractions containing a single cell type with the speed and accuracy
of high-speed cell sorters. While the original development of high-speed
sorters was driven by the need for purified chromosomes in the early
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stages of the human genome project [56, 57], their current uses cover a vast
spectrum of biological research. Applications for high-speed cell sorting
are commonly grouped into two categories: bulk sorting and rare event
sorting.

In bulk sorting, the sort operator is given a large number of cells of which
a small percentage is expressing a given measurable phenotype and this pop-
ulation or populations are then used for further study. As examples, this
marker can be a surface antigen bound to a fluorescently labeled antibody,
a transient transfection expressing a given protein of interest, activated leuko-
cytes, or any detectable measure of cell state or type. Whatever the measured
parameter, the operator must screen through a large number of cells in order
to collect a sufficient amount of material for the next step of analysis. For
instance, an investigator may be interested in the top 3% of cells express-
ing a given intracellular cytokine in order to perform proteomic analysis.
Typically, a fairly large number of cells are needed for these studies. With
readily available mass spectrometry methods, one would need on the order
of 107 cells to detect a protein expressed at roughly 1000 copies per cell,
corresponding to a total starting population of approximately 2 x 108 cells.
At a sort rate of 40000 cellss™! this translates to 5000 s or about an hour
and a half of sorting. This does not take into account material losses due
to sample handling (e.g., centrifugation, etc.) or time losses due to technical
issues. Realistically, perhaps twice as many cells or twice as much over-
all time would be needed to achieve the desired number. However, even
doubling the sort time would not be a major issue, easily falling within
the realm of a typical day in the laboratory. When comparing these fig-
ures with a standard flow cytometer capable of sort rates of approximately
1000 cells s!, the benefits of high-speed sorting immediately become evident,
if not critical to the process [1]. Users of traditional cell sorters can over-
come this problem to some extent via a pre-enrichment step such as magnetic
bead separation prior to sorting. However, this is currently only possible
when selecting cells based on surface markers, not for intracellular stains
or products of fluorescent reporter genes, or for combinations of multiple
parameters.

The highly quantitative, multiparametric nature of flow cytometry and cell
sorting has played an integral role in the understanding of many biological
processes. Each cell in a given population of cells will respond differently to
a given stimulus resulting in a full spectrum of responses. Cells in a given
study will map to different regions on the cell sorter computer screen as it
displays selected parameter values. Methods of systematically isolating and
comparing these subpopulations of cells are responsible for many discov-
eries of both normal and pathologic cellular processes. Studies of purified
cells by themselves or in combination can reveal information regarding cell
function. As an example, in a report by Liu et al., it was shown that cells sepa-
rated on the basis of differentially expressed surface markers acted differently
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when isolated or in unison with other cell types in directing and maintain-
ing prostatic cellular differentiation [58]. Much of the early work outlining
hematopoiesis was achieved in this fashion and eventually contributed to the
first isolations of the hematopoietic stem cell [59]. Currently, cell sorters con-
tinue to be at the crux of stem cell research [60,61] and cell type-specific
developmental analysis [62]. One would be hard-pressed to find a many pub-
lications relating to stem cells that did not employ flow cytometry and cell
sorting as part of their methods [49, 61]. In a recent report, epidermal skin
stem cells were isolated in a flow cytometer based on surface markers, and
their nuclei were reprogrammed to grow mice by their exposure to the cyto-
plasm of unfertilized murine oocytes [63]. Other studies have used the flow
cytometer as a tool for dynamic measurement of dye uptake kinetics to help
identify progenitor cells [64, 65].

7
Molecular Sorting

A second rapidly expanding application of high-speed flow cytometry is rare
event sorting. For clinical applications, this translates into screening through
large numbers of cells to obtain a more defined, lower frequency cell neces-
sary to facilitate a given course of treatment. Recently, however, rare event
sorting has referred to reading through highly complex cell-based or solid-
support molecular libraries in order to select genetic clones and/or molecules
of interest for further chemical or molecular studies. Flowing particles be-
come vehicles encoding bits of information for the cell sorter to decipher
according to operator-defined parameters. With protein expression library
screening, cells provide a physical link between expressed phenotype and
genotype [1]. Ingenious fluorescent labeling schemes are used to indicate
binding or activity characteristic of a specific outcome both qualitatively
and quantitatively [66, 67]. These cells can then be repeatedly sorted and ex-
panded, thereby enriching for desired clones.

The cloning of fluorescent reporter genes such as green fluorescent pro-
tein, dsRed, and their homologs has revolutionized the field of fluorescence
microscopy and flow cytometry through their ability to tag individual cells
for the expression of single genes or a combination of genes [68-71]. The
expression of mammalian and bacterial proteins can be directly monitored
by fluorescent reporters easily detectable with mainstream flow cytometers.
The discussion of fluorescent proteins in and of itself is the subject of entire
textbooks and relies on the ability to genetically link DNA encoding for the
fluorescent protein with, theoretically, any other protein in the system. Mon-
itoring of gene expression and protein localization were but the first uses for
this technology. Outlined below are some of the more ingenious studies using
these and other fluorescent labeling schemes.
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Techniques such as periplasmic expression with cytometric screening
(PECS) [72] and yeast surface display [73] are excellent examples of methods
that combine expression library technology and cell sorting. Using the lat-
ter, Boder et al., were able to isolate a single chain antibody with femtomolar
antigen-binding affinity, the highest ligand-binding affinity for an engineered
protein [74]. A study by Olsen et al. used bacterial surface display and a clever
fluorescence-based method to cytometrically select protein variants based on
enzymatic catalytic turnover [75].

In the case of DNA-based libraries, a fluorescent signal may indicate the
occurrence of a particular genetic event of interest. The high-speed cell
sorter then becomes a tool to potentially screen through entire genomes
of organisms in a relatively short period of time. Clones displaying a cer-
tain phenotype can be sorted, their DNA PCR-amplified, and sequenced
to identify sequences of note. In the case of Saccharomyces cerevisiae with
a genome size of approximately 14 Mbp, 100 bp fragments could be gen-
erated and placed upstream of a reporter construct, creating a library on
the order of 10° clones. The entire genome could be scanned to 10X cover-
age for the occurrence of a particular genetic event in a matter of minutes
using high-speed cell sorters. As an example, a study by Barker et al. gen-
erated a library of 200-1000 bp fragments of the Mycobacterium marinum
genome fused to a promoterless copy of green fluorescent protein (GFP). Like
its counterpart Mycobacterium tuberculosis, this bacterium is able to avert
the normal function of the immune system and survive within macrophages.
By isolating phagosomes emitting green fluorescence and sequencing the
regions of DNA upstream of GFP, they were able to determine which re-
gions of the genome may be responsible for circumventing normal bacterial
killing [76]. Again, fluorescent reporter genes will play an ever-increasing role
in these types of rare particle, or perhaps more aptly termed, rare “occur-
rence” studies.

Other recent reports of note include the use of flow cytometers to screen
for G-protein-coupled receptors [77], to decipher immunologic signaling net-
works with phosphospecific flow cytometry [78] and other enzymatic activ-
ity [79], high-throughput drug screening and signaling through the use of
bar-coding [80], and the cell sorter as a DNA sequencing and transcriptional
profiling tool [81]. A recent study used a dual fluorescent protein reporter
to select for plasmids containing DNA inserts as templates for sequencing as
a method for bacterial clone selection without plating. By designing the in-
sertion site between the genes encoding for two different fluorescent proteins,
insertion of genetic material resulted in loss of expression of the down-
stream fluorescent protein (Fig. 6) [82]. Several recent reviews outline other
ingenious applications for flow cytometry and cell sorting in the arena of
biotechnology as well as discuss changes in the technology behind these in-
struments [1, 3,83-91].
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Fig.6 Individual E. Coli sorted directly on to an agar plate based on expression of GFP
vs. dsRED and allowed to incubate for 36 h. Single bacterial cells were sorted directly
on to the agar plate, alternating rows of cells expressing GFP and dsRed. After incuba-
tion, discrete pure colonies of cells expressing the respective fluorescent protein are seen.
This displays the extreme accuracy of sort commands of a single cell and the power of
fluorescent protein technology. Photograph courtesy of Dr. ]. Choe

8
Conclusions

Flow cytometric-based cell sorting is a well-established technology that will
continue to see expansion of its uses in many areas, including clinical di-
agnostics, medical therapy, and scientific research. Cheaper, more portable
machines continue to emerge that allow the use of these instruments in essen-
tially any setting. Continued advances in lasers, fluidics, optics, and comput-
ing, along with greater molecular and cellular labeling techniques will allow
for more accurate, higher throughput machines capable of finer discrimina-
tion between cell types [92,93]. Ultimately, this will lead to a more precise
understanding of biology, and contribute to our increasingly detailed view of
processes at the single cell level.
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Abstract This chapter describes the use of Dynabeads for cell isolation and expansion.
Dynabeads are uniform polystyrene spherical beads that have been made magnetisable
and superparamagnetic, meaning they are only magnetic in a magnetic field. Due to
this property, the beads can easily be resuspended when the magnetic field is removed.
The invention of Dynabeads made, by Professor John Ugelstad, has revolutionized the
separation of many biological materials. For example, the attachment of target-specific
antibodies to the surface of the beads allows capture and isolation of intact cells directly
from a complex suspension such as blood. This is all accomplished under the influ-
ence of a simple magnetic field without the need for column separation techniques or
centrifugation.

In general, magnetic beads coated with specific antibodies can be used either for
isolation or depletion of various cell types. Positive or negative cell isolation can be per-
formed depending on the nature of the starting sample, the cell surface markers and the
downstream application in question. Positive cell isolation is the method of choice for
unprocessed samples, such as whole blood, and for downstream molecular applications.
Positive cell isolation can also be used for any downstream application after detachment
and removal of the beads. Negative cell isolation is the method of choice when it is crit-
ical that cells of interest remain untouched, i.e., no antibodies have been bound to any



42 A.A. Neurauter et al.

cell surface markers on the cells of interest. Some cell populations can only be defined
by multiple cell surface markers. Such populations of cells can be isolated by the com-
bination of negative and positive cell isolation. By coupling Dynabeads with antibodies
directed against cell surface activation molecules, the beads can be used both for isolation
and expansion of the cells.

Dynabeads are currently used in two major clinical applications: 1) In the Isolex® 300i
Magnetic Cell Selection System for CD34 Stem Cell Isolation - 2) For ex vivo T cell isola-
tion and expansion using Dynabeads® ClinExVivo™ CD3/CD28 for clinical trials in novel
adoptive immunotherapy.

Keywords Cell expansion - Cell isolation - Dynabeads - Flow compatibility -
Negative isolation - Positive isolation

1
Introduction

The characterization of specific cell types and the investigation of their func-
tions, requires that the cells of interest can be isolated or purified from other
contaminating cells. There are a number of isolation methods available for
the specific isolation of cells using non-magnetic and magnetic separation.
Flow-assisted cell sorting (FACS) is a non-magnetic method to obtain highly
purified cells. This method, however, is quite time consuming, costly and can
be rough on cells. Cell separation techniques based on the use of antibody-
coated magnetic beads [1,2], are now widely used in research and clinical
laboratories.

There are two types of magnetic cell isolation technologies, column-
based and tube-based systems. The column-based technology utilizes smaller,
nano-sized particles and therefore requires that the cells be passed through
a magnetized iron-mesh column to increase cell-capture capacity. This tech-
nology will not be discussed further in this chapter.

The Dynabeads® tube-based system utilizes larger, micron-sized beads.
Specific cells can, after binding to the antibody coated magnetic beads, be
selected by the use of just a magnet which is held against the sample tube.
Following brief washing, high cell purity can be achieved. Dynabeads® were
invented by Professor John Ugelstad in 1977, and were the first monodis-
persed particles of their kind (Fig. 1). In 1976, after learning about plans by
US scientists to manufacture monosized polymer particles in space under
non-gravitational conditions, and enticed by the idea of producing such
beads under normal conditions, Professor Ugelstad began work on develop-
ing monodisperesed beads. One year later, the first batch of such beads was
manufactured in his lab at the Norwegian Technical University (NTH), and
not until 5 years later, did the American researchers succeed in their quest
to produce 10 g of monodispersed particles in a satellite orbiting Earth. By
this time, Professor Ugelstad’s monodispersed beads had already been mag-
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Fig.1 Picture of Dynabeads: In 1976 the late Professor John Ugelstad of Norway achieved
something otherwise only achieved by NASA in the weightless conditions of space: the
making of uniform polystyrene spherical beads of exactly the same size. Professor Ugel-
stad and his colleagues made these beads magnetisable and superparamagnetic, meaning
they are only magnetic in a magnetic field. Due to this property, the beads can easily
be resuspended when the magnetic field is removed. This innovation revolutionized the
separation of many biological material. For example, the attachment of target-specific an-
tibodies to the surface of the beads allows capture and isolation of intact cells directly
from a complex suspension such as blood. This is all accomplished under the influ-
ence of a simple magnetic field without the need for column separation techniques or
centrifugation [1, 2]

netized and the technology patented. Shortly thereafter, the first products for
biomagnetic separation became commercially available under the trademark
Dynabeads®.

There are two main strategies for isolating a specific cell type: “positive
isolation” of the cell of interest or “negative isolation” where unwanted cells
are depleted (Fig. 2). By positive isolation, a specific cellular subset is isolated
directly from a complex mixture of cells based on the expression of a distinct
surface antigen. The resulting immune complexes of antibody coated beads
and target cells are collected using a magnet. For functional studies, the beads
should be removed from the positively isolated cells. There are a number of
ways in which Dynabeads can be released from the cells after isolation using
competing molecules that through affinity binding competition release the
bead or antibody-bead complex from the cells of interest.

By negative isolation, all unwanted cell types sensitized with antibodies are
removed from the sample by the magnetic beads. Cells isolated by negative
isolation have not been bound to antibodies at any time. This is an advantage,
as surface antigen-bound antibodies may elicit the transmission of signals
across the cell membrane.



44 A.A. Neurauter et al.

Incubate the cells in
the starting sample
with Dynabeads®.

Isolate target cells
using a magnet.
Transfer supernatant
to a new tube.

Negatively
isolated cells
(untouched).

Positively
isolated or
depleted cells
(bead-captured
cells).

Detacment of
Dynabeads® for
release of cells.




Cell Isolation and Expansion Using Dynabeads® 45

Fig.2 Schematic illustration of positively and negatively isolated cells using Dynabeads

Factors such as incubation time, temperature, and concentration of re-
actants have a measurable effect on the efficiency of cell isolation using
magnetic beads. Furthermore, the process is also affected by specific para-
meters, such as the nature and state of the target cell, characteristics of the
antigen/antibody binding, sample type, concentration, and ratio of beads and
cells. Successful cell isolation with Dynabeads, which implies high yield and
purity, is dependent on the concentration of the magnetic beads, the ratio
of beads to target cells, and the choice of antibody. Monoclonal antibodies
are generally recommended due to their high specificity towards the target
antigen.

The immunomagnetic isolation technique continues to encompass new
fields for the selective isolation of eukaryotic cells [3-7], and the use of pure
cell populations has now reached the field of therapy through the initiation of
clinical trials. Ex vivo isolation and expansion of cells have given promising
possibilities in immunotherapy. Dynabeads coated with signaling molecules
such as anti-CD3 and anti-CD28 antibodies have proven to be very efficient in
the in vitro activation of T cells, the prime effectors of the acquired immune
system [8,9]. An ex vivo-expanded population of T cells may be adminis-
trated to the patient, thereby helping to fight diseases such as cancer, HIV, and
autoimmune disorders [10-13].

2
Positive Cell Isolation

Positive cell isolation is defined as the method whereby a single cell type is
directly drawn out of a mixture of cells using cell-specific antibodies or lig-
ands linked to magnetic beads. The antibodies or ligands can be covalently
attached directly to the magnetic bead or - for greater flexibility - via second-
ary antibodies.

Due to the characteristics of Dynabeads, a wide variety of starting sam-
ples can be used for positive cell isolation. Highly pure cells can be isolated
from non-processed samples such as whole blood, umbilical cord blood, bone
marrow, feces and ascites, or from processed samples such as buffy coat, pe-
ripheral blood mononuclear cells (PBMC), tissue digests or cell cultures.

Depletion of cells, i.e., when a cell population bound to the magnetic beads
via a primary antibody is removed from a cell sample, follow the same rules
as positive cell isolation. The rest of the chapter will discuss positive cell iso-
lation and depletion of cells as one.

Positive cell isolation using magnetic beads has over the last 20 years
become a powerful tool to drive research within a wide range of life sci-
ence fields such as cell biology, immunology, cancer research, in vitro
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Fig.3 Schematic illustration of A direct and B indirect techniques for positively and
negatively isolated cells

diagnostics and cell therapy (see Table 1). Crucial for this success has
been 1) the availability of a wide range of antibodies [14] to cell differ-
entiation molecules (e.g., human cell differentiation molecules (HCDM);
http://www.hlda8.org/HLDAtoHCDM.htm), and 2) the result of the devel-
opment of micron-sized, super-paramagnetic polymer beads, called Dyn-
abeads [1]. The combination of monoclonal antibodies and magnetic beads
allow quick (10-30 minutes) and gentle isolation of specific cells.

Positive cell isolation can be performed using two different approaches,
i.e., the direct or indirect technique. Using the direct technique, one links
the primary antibody or ligand to the beads (primary coated beads) prior to
cell isolation. The primary coated beads are mixed with the cell sample, and
after a short incubation period, whereby the cells bind to the primary coated
beads, cells are easily collected with the aid of a magnet (Fig. 3A).

Using the indirect technique, one utilizes secondary coated Dynabeads.
The cell sample is first mixed with the primary antibody (or other binding
molecule, defining the target), and after a short incubation, excess antibody
may be removed by centrifugation. Secondary coated Dynabeads (coated with
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Fig.4 Isolation of human CD3+ cells using primary coated Dynabeads and direct tech-
nique, coated with a high affinity antibody. Human CD3+ cells were isolated from whole
blood using 2-20 million beads/ml, 5-20 minutes incubation time
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an antibody or other molecules which can bind the primary antibody) are
then mixed with the sample, and during a short incubation the cells of inter-
est will bind to the beads, and can thereafter be isolated by the aid of a magnet
(Fig. 3B).

The advantage of the direct isolation technique, is that it can be used with
cell samples such as whole blood, especially when high affinity antibodies
(or other binding molecules) are used (Fig. 4). The cell capture kinetics may,
however, be slower in the direct technique compared to the indirect tech-
nique, especially if low affinity antibodies (or other binding molecules) are
involved (Fig. 5).

Primary coated Dynabeads, used in the direct technique, are commercially
available products designed to isolate specific cells or may be designed by
the researchers themselves by coupling the primary antibody (or other bind-
ing molecule) onto surface activated Dynabeads and secondary coated Dyn-
abeads. Primary coated Dynabeads have been used for isolation of a range of
cells from several species (see Table 1).

Secondary coated Dynabeads, used both in the direct and indirect tech-
nique, are very flexible products designed to isolate any cell of interest. The
limitation of this product range lies in the availability of appropriate target
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Fig.5 Isolation of Daudi cells using secondary coated Dynabeads and a low affinity pri-
mary antibody. Daudi cells were isolated from cell culture medium using 5-50 million
beads/ml in the direct and indirect technique, respectively, 10 minutes incubation time
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defining binders, e.g., primary antibodies, super antigens, recombinant major
histocompatibility complexes (recomb. MHC) or tags for cells surface anti-
gens. Due to their flexibility, secondary-coated Dynabeads have been used for
isolation of a wide range of cells from several species (Table 1).

The challenge when performing positive cell isolation is that the cell of
interest may be affected and/or altered during the isolation step. In most
systems, attached antibody coated beads remain on the cells throughout the
duration of downstream experiments. The binding of antibodies or ligands to
cell surface antigens can lead to clustering of receptors, triggering of signal-
ing pathways (positive or negative signal) or blocking of receptor function.
Therefore, choosing the right surface markers and corresponding antibody
producing clones are critical. In addition it is important that the magnetic
beads used for isolation are inert and non-degradable in order to prevent cell
damage by iron oxide exposure to cells. [15-17]. Dynabeads have an even
dispersion of superparamagnetic material coated with a polymer shell that
encases the magnetic material to prevent iron oxide leakage.

Positive cell isolation without bead removal can be used for many down-
stream applications, such as molecular biological analysis including nucleic
acid or protein analysis. However, in order to perform other downstream ap-
plications, i.e., flow cytometry and cell cultures, it is necessary to remove the
beads due to their micron-size. Therefore various bead-release methods have
been developed.

Table 1 Overview over various human and mouse cells isolated with Dynabeads

Cell type (positive/negative Cell subset Refs.
isolation or depletion)

Human T cells General [70,71]
CD3+ T cells [72,73]
CD4+ T cells [74-81]
CD8+ T cells [76,78-84]
Naive (CD45RA+) [85]
Memory (CD45RO+) [85]
Human regulatory T cells (CD4+CD25+) [86-89]
Human B cells (CD19+) [90-96]
Human NK cells (CD56+) [97-100]
Human NKT cells [101]
Human monocytes (CD14+) [102-104]
Human dendritic cells [105-109]
Human progenitor cells (CD34+) [110-115]
Human granulocytes General [116,117]
Neutrophils (alveolar) [118]
Eosinophils [119-121]

Basophils [122]
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Table 1 (continued)

Cell type (positive/negative Cell subset Refs.
isolation or depletion)

Human megakaryocytes [123]
Human platelets [124]
Human mast cells [125]
Human endothelial cells General [126,127]
Mammary adipose endo- [128]
thelial cells
Hepatic endothelial cells [129]
Circulating endothelial cells [130-132]
Human fibroblasts [133,134]
Human epithelial cells General [135,136]
Colorectal cancer cells [137]
Mammary carcinoma cells [138]
Human spermatozoa [139]
Human osteoclasts [140]
Human HIV infected cells [141]
Mouse T cells General [142-145]
CD4+ T cells [146-150]
CD8+ T cells [151-155]
Mouse regulatory T cells (CD4+CD25+) [156]
Mouse B cells [157,158]
Mouse NK cells [159]
Mouse dendritic cells [160, 161]
Mouse endothelial cells Myocardial endothelial cells [162]
Embryonic endothelial [163]
progenitor cells
Skin endothelial cells [164]
Lung endothelial cells [165,166]
Mouse Langerhans cells [167]
Mouse hematopoietic progenitor [168-170]

(Lin-) cells

2.1
Detachment of Dynabeads® Following Positive Cell Isolation

Various technologies have been developed to remove Dynabeads from cells.
These can be divided into two categories: 1) Detachment of the Dynabeads
and the primary antibody from the cell surface with antibody-specific release
mechanisms and 2) Detachment of the Dynabeads alone with generic release
mechanisms, i.e., enzymatic cleavage or affinity molecules.

DETACHaBEAD® is a commercially available technology whereby the cells
are released from the antibody-beads. The DETACHaBEAD reagent is based
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on antibodies that were raised against the primary antibody that recognizes
the cell surface marker. The anti-antibodies recognize the variable region of
the primary antibody and thereby disrupt the binding between the primary
antibody and the surface marker. As these anti-antibodies out-compete the
binding between the primary antibody and the surface marker, cells are re-
leased, leaving the cells free of beads and antibodies [18-22].

Peptides can also be used to specifically out-compete the binding between
the primary antibody on the bead and the surface marker of the cell. One such
application has been developed by Baxter Healthcare Corporation, which has
the only FDA- and CE mark-approved device in the field of stem cell therapy -
the Isolex® 300i Magnetic Cell Selection System. The technology uses an anti-
CD34 monoclonal antibody and Dynabeads to isolate CD34+ stem cells. The
isolated cells are released using a peptide (PR34+™ releasing agent) resulting
in antibody free CD34+ stem cells. Isolex® and PR34+™ are trademarks of
Baxter International Inc. [23-27].

FlowComp™ is a new commercially available generic release technology
for research use where the release is based on affinity-competition of a biotin
analogue to an avidin/streptavidin analogue (Fig. 6). The advantage of this
technology is the speed of release (5-10 minutes) and because it is generic it
can be applied to most cell types (Fig. 7).
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Fig.6 Picture of CD4+ cells isolated and released by the FlowComp technology. PBMCs
was isolated from a healthy donor, stained with Hoescht 33342 and CD4+ cells were iso-
lated using Dynabeads FlowComp Human CD4. Cells were visualized using a fluorescence
microscope after cell capture (Isolated CD4+), after 5 minutes incubation with FlowComp
release buffer (5 min) and after magnetic separation of released cells (Isolated CD4+ and
Dynabeads, respectively)
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Fig.7 CD8+ cells before and after isolation with the FlowComp technology. PBMC was
isolated from a healthy donor, stained with CD8-FITC vs. CD3-PE before (A) and after
(B) isolation using Dynabeads FlowComp Human CD8. Histogram A was gated on live
cells of the lymphocyte population, giving 32% CD3+CD8+ T cells (Q2 in histogram A).
Histogram B was gated on live cells of the lymphocyte + monocyte population, giving
97% purity of CD3+CD8+ T cells (Q2 in histogram B). Some CD3~CD8%m cells (NK-cells)
are co-isolated using this method (Q4 in histogram B)

3
Negative Cell Isolation of Untouched Cells

Negative cell isolation is defined as a method whereby the cell type of interest
is isolated by removing all other cell types from the sample [28-30]

Generally a cocktail of monoclonal antibodies against the unwanted cells is
incubated with the sample, followed by depletion of the unwanted cells using
secondary-coated Dynabeads. As an example, CD4+ T cells can be purified
from a mononuclear cell sample by removing all other cells, such as CD8+
T cells, NK cells, B cells, monocytes, dendritic cells and granulocytes. In de-
tails - mononucleated cells are prepared and incubated with the antibody
cocktail (specific for non-CD4 cells) for 10-20 minutes. Excess antibodies are
removed by a short centrifugation step, followed by addition of secondary
coated magnetic beads. During a 15-minute incubation the unwanted, anti-
body sensitized cells, will bind to secondary coated magnetic beads and then
be removed by the aid of a magnet.

Negative cell isolation can be used both for pre-enrichment of rare cells
(e.g., dendritic cells) (Fig. 8), or isolation of a highly pure cell population (e.g.,
CD4+ T cells) (Fig. 9).

The advantage of negative cell isolation is that the cells of interest have
not been attached to the antibodies on the magnetic beads at any time, and
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Fig.8 Purity of mouse Lin-CD11c+MHCII+ DC after enrichment and flow sorting. Mouse
spleen mononuclear cells were isolated from Balb/C, stained with Lin-PE cocktail vs.
CD11c-FITC vs. MHC II-APC before isolation, after enrichment and after flow sorting.
Enrichment was done using “Dynabeads Mouse DC Enrichment Kit”, and flow sorting
was done on the Dynabeads-enriched population. All histograms were gated on live cells
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Fig.9 Highly pure CD4+ T cells after negative isolation. PBMC was isolated from
a healthy donor and CD4+ T cells isolated using Dynabeads MyPure CD4 Kit 2. Cells were
after isolation stained for CD4-FITC vs. CD45-PE. The histogram was gated on live cells
of the lymphocyte + monocyte population in the forward scatter (FSC) vs. side scatter
(SSC) histogram, giving 98% purity of CD45+CD4+ T cells (Q2 in histogram)

thereby avoiding any possible antibody induced signaling through cell surface
molecules.

The isolated cells are ideal for various applications in HIV, cancer and
autoimmune disease research, such as flow cytometric analyses, signalling
pathway and gene transcription experiments, cytokine secretion assays, cyto-
toxicity studies, cell culture etc.
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4
Isolation of Subpopulations of Cells -
Combination of Negative and Positive Isolation

Major cell populations defined by specific cell surface markers (e.g., CD3+
T cells, CD19+ B cells, CD14+ monocytes) can be isolated with high purity
using either positive or negative cell isolation (described above). However,
there exist subpopulations of cells that are not defined by any specific marker,
and therefore combinations of several markers must be used for their isola-
tion.

The way to achieve a minor subpopulation is to use a combination of nega-
tive and positive cell isolation. A combination strategy can also be used for
minor cell populations to achieve an improved purity by first depleting a frac-
tion of the unwanted cell population before a positive isolation of the wanted
cell population.

As an example, regulatory T cells (Treg cells) are a subpopulation of T cells
defined by co-expression of the CD4 and CD25 surface markers. The Treg cell
population constitutes 2-10% of the total CD4+ T cells in peripheral blood.
Treg cells are specialized for suppression of immune responses and play a crit-
ical role in maintaining immunological self-tolerance by actively suppressing
self-reactive lymphocytes. Since a single surface marker for the identification
of regulatory T cells has to date not yet been identified, these cells must be iso-
lated using a two-step isolation strategy; initial negative cell isolation of CD4+
cells followed by positive cell isolation of the CD25+ Treg cells [31, 32].

Several of the surface markers expressed by Treg cells (Fig. 10) are also
expressed by conventional T cells [32]. CD25 is upregulated on activated con-
ventional cells but is constitutively expressed on Treg. In human peripheral
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Fig. 10 Picture of surface markers known to be expressed by regulatory T cells. The co-
expression of CD4 and CD25 defines the Treg cell
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blood the majority of the T cells are of naive phenotype and therefore a com-
bination of CD4 and CD25 can be used to isolate a highly pure population of
Treg cells.

The principle of isolation is illustrated in (Fig. 11). First negative cell isola-
tion of CD4+ T cells is performed by depleting the CD8,CD14, CD16, CD19,
CD36, CD56,CDw123 and CD235a from mononuclear cells. Following isola-
tion of the CD4+ cells, Dynabeads® CD25 are added to positively isolate the
regulatory CD4+CD25+ T cells. After positive isolation of the CD4+CD25+
Treg cells, the cells are detached from the beads by adding DETACHaBEAD
reagent.

CD4 Negative Isolation CD25 Positive Isolation Bead and Detachment

PBMC+ Antibody-Mix
+ CD45RA mAb (optional)

+ Depletion Dynabeads Dynabeads® CD25 DETACHaBEAD™
L ———— [ ——— ] L ———————— ]

—> Rosetted —
CD4+CD25*

T cells eg

—> Untouched __,
E 3 CD4* T cells

-ﬁ. Deplete

é unwanted cells

STEP 1

-

STEP 3

Bead and Antibody Free
Regulatory T Cells

Fig.11 Schematic illustration of how Treg cells can be isolated using a combination of
negative and then positive isolation. DETACaBEAD is used after positive isolation to
release the beads from the cells

By using this approach regulatory T cells can be isolated with a purity of
95-98% [31]. Figure 12 shows the presence of CD4+CD25+ cells during the
various isolation steps. In PBMC sample, 1-3% of the cells are CD4+ CD25+.
After a CD4+ negative isolation step the purity of CD4+ cells is 95-98%,
and 3-8% of these cells express CD25. When the CD25+ cells are positively
isolated with the Dynabeads CD25 the depleted fraction of CD4+ cells con-
tains only 0.5-1.5% CD25+ cells. The resulting CD4+CD25+ subpopulation is
95-98% pure.

If the number of cells in a subpopulation of interest is low, as for the
CD4+CD25+ Treg population, an expansion step can be performed to ob-
tain a sufficient number of cells needed to perform downstream functional
assays. Both conventional T cells and regulatory T cells can be expanded
100-1000-fold when activated properly [33]. In vivo, T cells are activated
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Fig.12 The presence and percentage of CD4+CD25+ T cells during the various isola-
tion step from 1) PBMC, 2) CD4+ cells, 3) depleted CD4+CD25- and 4) the isolated
CD4+CD25+ cells. PBMCs was isolated from a healthy donor and stained with CD4-
PerCP vs. CD25-PE before (1) and after (2) isolation using Dynabeads MyPure CD4 Kit 2.
Within the isolated CD4+ T cell population, 7% of the CD4+ cells expressed the CD25-
marker. Further, Dynabeads CD25 were added to the CD4+ T cells to positively isolate
CD4+CD25+ Treg cells, and cells were released from the beads using DETACHaBEAD.
After isolation of CD25+ cells, 1% of the CD25+ cells (CD25%4™) were left in the CD25-
depleted fraction (3), and the isolated CD25+ cells were 96% pure (4)

when they interact with antigen presenting cells (APCs) such as dendritic
cells (DC). DC activate T cells after interaction with the CD3/TCR (TCR =
T Cell Receptor) receptors and the co-stimulatory surface receptor CD28.
In vitro, T cells can be activated using an artificial antigen presenting cells,
Dynabeads® CD3/CD28 that are coated with affinity-purified monoclonal an-
tibodies directed against CD3/TCR and the co-stimulatory CD28 receptor that
are required for optimal T cell expansion. The beads are designed to expand
T cells in a manner that mimics what occurs in vivo upon activation via
antigen-presenting cells (Fig. 13). The Dynabeads expansion method elimi-
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Fig.13 Dynabeads CD3/CD28 mimics antigen presenting cells and activates T cells after
interaction with the TCR/CD3 receptor and the co-stimulatory receptor CD28 on the T cell
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nates the need to maintain autologous antigen-presenting cells and antigen in
culture, making it the most reproducible and reliable way to stimulate T cells.
Covalent attachment of antibodies to beads allows for easy magnetic removal
of beads and antibodies after T cell expansion. Expanded Treg cells can also
be used for down stream applications such as pre-clinical studies.

5
Cell Isolation and Expansion for Clinical Applications

Dynabeads have gained an important position in cell-based clinical applica-
tions due to their non-toxic nature, and the ability to manufacture antibody
coated beads under sterile cGMP conditions. The scalability of the cell pro-
cessing procedures enables handling of large cell numbers needed for clinical
applications. As an example, Baxter Healthcare Corporation has adapted the
Dynabeads technology in their Isolex® 300i Magnetic Cell Selection System
for CD34 Stem Cell Isolation - the only FDA-approved and CE-marked tech-
nology for the clinical selection of CD34 positive cells, allowing the passive
depletion of tumor cells from autologous apheresis products. The instrument
has a capacity of up to 8 x 10'° nucleated cells and uses an anti-CD34 mono-
clonal antibody and Dynabeads for positive cell isolation of CD34+ stem cells
ex vivo. The isolated stem cells are released using a peptide (PR34+™ releas-
ing agent) resulting in antibody free cells [23-27]. Isolex® and PR34+™ are
trademarks of Baxter International Inc.

5.1
Dynabeads® CD3/CD28 for T cell Isolation, Activation and Expansion

In the mid-1990s, professor Carl June’s laboratory at University of Penn-
sylvania, Philadelphia, USA, found that by immobilizing anti-CD3 and
anti-CD28 antibodies on Dynabeads, they could support the long-term
proliferation of T cell in culture, while maintaining desirable biological
characteristics [34-37]. Conventional approaches that used feeder cells for ac-
tivation of T cells are cumbersome, impractical and prone to engage receptors
which inhibit T cell growth. Additionally, in the clinical setting, conventional
feeder cells are difficult to maintain at sufficient numbers and represent signifi-
cant regulatory challenges. Moreover, the covalent attachment of the anti-CD3
and anti-CD28 antibodies on Dynabeads allows for easy magnetic removal of
beads and antibodies prior to infusion of T cells into patients.

Dynabeads® ClinExVivo™ CD3/CD28 are designed for isolation [38, 39],
activation [40] and expansion [41,42] of human T cells. Firstly, CD3+ T cells
are separated and concentrated from apheresis product by positive cell isola-
tion using Dynabeads ClinExVivo CD3/CD28 capture via the anti-CD3 anti-
body. The isolation step is crucial to remove contaminating cell types which
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can influence the following activation and expansion steps [38, 39]. Alterna-
tive isolation strategies of CD3primary-coated Dynabeads T cells, such as
elutriation [43] combined with magnetic antibody coated Dynabeads deple-
tion of B cells can also be used.

Such alternative isolation methods will allow greater flexibility in manip-
ulation of the bead to T cell ratio during activation and expansion with
Dynabeads ClinExVivo CD3/CD28, which in turn can be beneficial for activat-
ing various subpopulations of T cells, e.g., antigen specific T cells [44, 45].

Secondly, T cells receive activation signals from Dynabeads ClinExVivo
CD3/CD28 through TCR/CD3 complex and the co-stimulatory CD28 recep-
tor that are required for optimal T cell activation [36]. Furthermore, T cells
can be expanded 100-1000 fold using Dynabeads ClinExVivo CD3/CD28 if
maintained in IL-2 containing media [42].

Both research and clinical-scale protocols have been developed for expand-
ing T cells (Xcellerated T Cells™) in a variety of disease settings. Moreover,
clinical-scale cGMP protocols using Dynabeads ClinExVivo CD3/CD28 have
been developed that utilize cost and labor-saving bioreactor systems capable
of reproducibly generating > 1 x 10'! T cells in a single culture bag/reactor in
less than two weeks [42].

5.2
Characteristic of T cells Activated and Expanded
with Dynabeads® CD3/CD28 and Dynabeads® ClinExVivo™ CD3/CD28

Bead-activated T cells exhibit a number of desirable qualities. T cell
receptor (TCR) repertoire is maintained during the expansion process
for polyclonal T cells, thereby preserving the broadest Ag-recognition
capabilities 35, 40, 46,47]. Surface CD28 expression is maintained, while key
homing receptors (e.g., L-selectin) and survival molecules (Bcl-XL) are in-
duced, thereby enhancing in vivo survival and homing potential [41, 46, 48].
Both CD4+ and CD8+ T cells are expanded by the process, thereby pre-
serving both cytolytic/killing and T helper functions [46]. During the ac-
tivation process, T cells are induced to express or secrete a wide array of
key immunomodulatory molecules, including surface-bound CD40-ligand,
CD137 (4-1BB), and cytokines, such as IL-2, IFNy, and TNF« [35, 38,42].
Importantly, in settings where T cells are typically found to be anergic
or non-responsive, activation and expansion using the bead technology
can reverse anergy and restore responses to mitogenic or specific antigen-
stimulation [49-51]. The bead activation process can be further manipulated
to control the expansion of antigen specific memory T cells [44]. Also, in the
setting of regulatory T cells, it has been demonstrated that bead-expanded
regulatory T cells exhibit potent inhibitory activity [52-55]. Finally, bead-
activated T cells are easy to transduce with standard Moloney-based and
lentivirus-based retroviral gene-transduction systems [47, 56].
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5.3
Current and Future Applications

Pre-clinical Research Applications

Dynabeads CD3/CD28 and Dynabeads ClinExVivo CD3/CD28 have been and
continue to be used extensively in preclinical studies evaluating the use of
novel adoptive T cell transfer approaches for treating cancer, infectious dis-
ease, autoimmunity, and disorders associated with chemotherapy and al-
logeneic transplantation. T cells have been effectively expanded from can-
cer patients, chronic lymphocytic leukemia [CLL] [38], multiple myeloma
[MM] [57], non-Hodgkin’s lymphoma [NHL] [50, 58], renal cell carcinoma
[RCC] [59], prostate cancer [PC] [60], breast cancer [BC] [45], HIV-infected
patients [61, 62], and patients with autoimmune disease [63-65].

Clinical Applications

The safety of bead-activated T cells has or is being evaluated in over a dozen
phase I clinical studies, including:

e Polyclonal CD4+ T cells for treating HIV infection [49]

e Gene-modified T cells for treating HIV infection [48, 61]

e Autologous polyclonally activated T cells for treating RCC, NHL, CML, PC,
MM, CLL [50, 59, 67]

e Allogeneic donor lymphocyte infusion in AML, ALL, CLL, NHL [58, 66]

e Restoration of immunity in lymphopenic MM patients by vaccination and
adoptive T-cell transfer [67]

In addition to the safety profile of the infused T cells observed in these
trials, a number of other observations are noteworthy. In stem cell trans-
plant settings with concurrent chemotherapy-induced lymphodepletion, the
infusion of polyclonal bead-activated and expanded T cells after transplant
resulted in the early recovery of both CD4+ and CD8+ T cells. In the setting
of CLL, following infusion of bead-activated and expanded autologous T cells,
a majority of patients experienced a significant reduction in both lympa-
denopathy [68] and splenomegaly [69]. Finally, in a number of clinical trials,
infused T cells were long lived and elevated T cell counts following infusion
were maintained for extended periods of time.

6
Comments for Practical Approach

Immunomagnetic cell isolation offers rapid and direct access to target cells
from whole blood and bone marrow without cell loss or damage. If ne-
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cessary, unwanted elements such as erythrocytes, free DNA, fat, or serum
proteins may be removed before cell isolation to improve the performance
of the beads. Buffy coat, a concentrate of white blood cells, has the advan-
tage of high target cell concentration. However, the quality of buffy coat
preparations may vary considerably. Density gradient isolation of cells pro-
vides removal of possible interfering elements and the ability to manipulate
target cell concentration to perform cost-efficient cell isolation. Drawbacks
include cell losses during centrifugations and negative effects on the cells due
to contact with the density gradient medium. Generally the concentration
of nucleated cells should be <5 x 107 cells/ml when performing immuno-
magnetic cell isolation. By positive isolation the cells of interest are isolated
for analysis. General isolation parameters are > 1 x 107 beads/ml, bead: cell
ratio 4:1-10: 1, and 10-30 min of incubation. typically, 95-100% purity
and viability are achieved with 60-95% yield. For some downstream ap-
plications the beads can remain attached to the cells (e.g., mRNA or DNA
isolation). By negative isolation (= depletion), unwanted cells are removed
prior to analysis of the remaining population. General isolation parame-
ters are > 2 x 107 beads/ml, bead: cell ratio > 4: 1, and 20-60 min of in-
cubation. Typically 95-99% depletion of unwanted cells is achieved. Two
successive depletion cycles may result in higher purity for small cell popu-
lations. The direct technique offers fast cell isolation with antibody-coated
beads. Cell handling is minimized, reducing the risk for cell damage and
loss. The indirect technique is especially useful when the affinity/avidity of
the primary antibody is low or when the epitope density on the target cell
is limited. The disadvantage of the indirect technique is cell handling (cen-
trifugation). Cross-reactivity and Fc binding can be blocked by the addition
of free proteins (e.g., Fc receptor blocking with y-globulin). Nonspecific
binding of “sticky” cells to beads can be avoided by pre-depletion of these
cells with protein-coated beads (e.g., secondary coated or BSA-coated beads).
Free DNA will contribute to binding of unwanted cells to the beads. Freez-
ing/thawing may damage cells and release free DNA. DNase treatment prior
to cell isolation will abolish this problem. Platelets may also induce non-
specific binding of cells to Dynabeads. Preparation of PBMC with a low
platelet content will reduce this problem. Primary coated Dynabeads are
ready-to-use products for a wide variety of cell surface markers. In add-
ition, secondary coated Dynabeads offer an excellent possibility to make
beads with the reactivity of choice using mouse, rat, or rabbit antibodies
directly from culture supernatant, ascites, or polyclonal sera (without the
need of purification). This is especially useful when only small amounts
of nonpurified antibody are available. However, affinity-purified antibodies
are preferred.
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6.1
Pitfalls

1. Prolonged incubation (> 60min) and increased bead concentration
(> 1 x 10® beads/ml) will rarely improve the cell isolation efficiency. How-
ever, nonspecific binding may increase, damage of cells from sheer forces
of the beads may occur, and risk of cell trapping increases.

2. A soluble form of cell surface antigens or other serum components can re-
duce the efficiency of immunomagnetic cell isolation. One or two washing
steps will overcome this problem.

3. Non-specific binding. Genomic DNA from lysed cells (e.g., present in buffy
coat, PBMC, or after freezing/thawing of cells) will induce non-specific
binding of cells to beads. DNase treatment of the cell suspension prior to
cell isolation will prevent this problem without harming intact cells. Some
sample tubes (e.g., glass or polystyrene) tend to bind cells non-specifically,
which can be a major problem when working with minor cell popula-
tions (e.g., rare, circulating tumour cells). Precoating of sample tubes with
a protein solution before use or the use of low-binding plastic tubes is
recommended.

4. Phagocyte cells (e.g., monocytes) will bind and engulf beads if incubation
is performed at temperatures above 2-8 °C.

7
Summary

This chapter has described the use of Dynabeads for cell isolation and expan-
sion. In general, magnetic beads coated with specific antibodies can be used
either for isolation or depletion of various cell types. Positive or negative cell
isolation can be performed depending on the nature of the starting sample,
the cell surface markers and the downstream application in question. Positive
cell isolation is the method of choice for unprocessed samples such as whole
blood, and for downstream molecular applications. Positive cell isolation can
also be used for any downstream application after detachment and removal
of the beads. Negative cell isolation is the method of choice when it is critical
that cells of interest remain untouched, i.e., no antibodies have been bound
to any cell surface markers on the cells of interest. Some cell populations can
only be defined by multiple cell surface markers. Such populations of cells
can be isolated by the combination of negative and positive cell isolation. By
coupling Dynabeads with antibodies directed against cell surface activation
molecules, the beads can be used both for isolation and expansion of the cells.

Dynabeads are currently used in two major clinical applications: 1) In the
Isolex® 3001 Magnetic Cell Selection System for CD34 Stem Cell Isolation -
the only FDA-approved and CE-marked technology for the clinical selection
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of CD34+ cells, allowing the passive depletion of tumor cells from autolo-
gous apheresis products. 2) For ex vivo T cell isolation and expansion using
Dynabeads ClinExVivo CD3/CD28 for clinical trials in novel adoptive im-
munotherapy.
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Abstract The use of bio-specific interactions for the separation and recovery of bio-
molecules is now widely established and in many cases the technique has successfully
crossed the divide between bench and process scale operation. Although the major speci-
ficity advantage of affinity-based separations also applies to systems intended for cell
fractionation, developments in this area have been slower. Many of the problems encoun-
tered result from attempts to take techniques developed for molecular systems and, with
only minor modification to the conditions used, apply them for the separation of cells.
This approach tends to ignore or at least trivialise the problems, which arise from the
heterogeneous nature of a cell suspension and the multivalent nature of the cell/surface
interaction.

To develop viable separation processes on a larger scale, effective contacting strategies
are required in separators that also allow detachment or recovery protocols that overcome
the enhanced binding strength generated by multivalent interactions. The effects of inter-
action valency on interaction strength needs to be assessed and approaches developed to
allow effective detachment and recovery of adsorbed cells without compromising cell via-
bility. This article considers the influence of operating conditions on cell attachment and
the extent to which multivalent interactions determine the strength of cell binding and
subsequent detachment.

Keywords Attachment - Bio-specific - Elution - Fractionation - Multivalent - Shear
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Abbreviations

b Half channel height (m)

c Cell concentration (m™)

D. Cell diffusivity (m?s™!)

f Frictional coefficient (kgs™! mol™!)

o Force per bond (mN)

F Shape factor

F; Total applied force (mN)

h H-hs (m)

hs Separation distance (m)

H Maximum separation distance (m)

j Cell deposition rate (m=s~')

ke Boltzman constant (J molecule™ K1)
ke Forward rate constant (s!)

ke Reverse rate constant (s7!)

k. Apparent reverse rate constant (s!)
K, Association constant

K4 Dissociation constant (M)

Ic Ligand concentration (mol m2)

nb Number of bonds between cell and surface
nbmax Average maximum possible number of bonds between cell and surface
nbmin Minimum number of bonds to resist an applied force
N Bond turn-over (s7!)

Pe Peclet number

Q Volumetric flow (m?s™)

Ta Radius of contact area (m)

Tp Cell radius (m)

r Cell radius to edge of contact area (m)
t Time interval (s)

T Temperature (K)

u Linear velocity (ms™')

w Channel width (m)

x Distance from channel entrance (m)

o Contact angle with surface

0 Contact angle with surface

% Viscosity (Pa s)

y Bond interaction distance (m)

YL Liquid-air interfacial tension (nm™")
Tw Wall shear stress (Pa)

1

Introduction

The basic concept of any bio-specific or affinity-based separation is to use the
interaction of a biological receptor with its complementary ligand for the ad-
sorption of a molecule or cell to an adsorbent surface. Conditions are chosen
to take advantage of the selectivity of these interactions and their low dis-
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sociation constant such that immobilised ligands can be used to effectively
adsorb the desired component from dilute solutions. Once bound, the ad-
sorbed material can be washed to remove unbound species prior to inducing
dissociation such that the purified product can be selectively recovered in
a more highly concentrated form [1].

While selectivity or specificity is important, the magnitude of the dissocia-
tion constant for the interaction is also critical. The dissociation constant (Ky)
is defined in terms of the ratio of unbound to bound species at equilibrium,
and it follows that the amount bound is a simple function of the dissociation
constant and adsorbent capacity such that the lower the dissociation constant
the higher the fraction of product that can be bound during the loading stage.

The significance of K4 in determining product losses during the washing
stage also needs to be considered for molecular separations. As washing pro-
ceeds, the liquid phase concentration of product will be reduced along with
the contaminants to be removed, thus the product concentration in the li-
quid phase is dragged towards zero. This means that the equilibrium between
bound and free product will be displaced and product will desorb. The extent
of desorption will be a function of the wash volume used and the dissociation
constant for the interaction. Essentially, the lower the dissociation constant
the larger the wash volume that can be employed for a given level of product
loss. Hence higher purification factors should be possible with interactions
showing a lower dissociation constant [2].

When it comes to examination of the elution stage the requirements for the
ideal dissociation constant change. At this point the binding equilibrium must
be displaced to allow the release of adsorbed product. If the original disso-
ciation constant is too low this will be difficult to achieve without the use of
conditions that might damage the product.

Taken together, these factors mean that the ideal dissociation constant for
a given molecular separation will be a compromise between the requirements
for the loading and washing stages and those required for effective elution.
These general considerations would be expected to apply to any affinity re-
covery system. However, when multivalent interactions can occur it is no
longer possible to quantify adsorption in terms of a simple intrinsic dissoci-
ation constant.

When considering the interaction of multivalent particles with surfaces the
definitions of concentration are significantly different to those used to de-
scribe molecular adsorption. The concentration of cell particles expressed in
term of cell number per unit volume is analogous to molecular concentration
and, together with the flow regime used, will determine the deposition rate
of cells on a surface. However, the occurrence and strength of any interaction
formed, once contact has occurred, will be dependent on the surface density
and binding properties of ligands and receptors on the cell and adsorption
surface. For an effective cell separation it is necessary for the cell surface in-
teraction to retain the target cells while unwanted contaminants are removed
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in a washing stage. Once contaminants have been removed, adsorbed cells
need to be detached using conditions that do not excessively compromise
viability.

In most molecular affinity separation systems there are two main ap-
proaches to inducing elution. The most elegant approach is to use competing
free ligand to displace the binding equilibrium, i.e. bio-specific elution. Al-
ternatively, non-specific elution can be used where process conditions are
changed such that the bio-specific interaction is disrupted. Typically, salt con-
centration, pH or temperature is used for this purpose.

While most molecular interactions used in affinity-based separations are
monovalent, the adsorption of cells or particles to surfaces involves multi-
ple interactions. Geometric considerations can be used together with ligand
density and the size of the interacting species to determine the number of
specific binding interactions or bonds (nb) that can occur between cells and
surfaces [3]. Given a typical ligand and receptor density range of 10°-108
binding sites m™ and a contact area between 10714-107'2 m? this suggests
that nb could have values between 1 and 10000. For effective cell detachment
it is necessary for the majority of these bonds to be simultaneously dissoci-
ated. This will not occur simply as a result of a dynamic equilibrium shift, and
unless the binding conditions are significantly changed force will be required
to effect recovery [4], greatly complicating the elution and recovery of affinity
adsorbed cells.

There have been a number of detailed mechanistic studies of the effect of
applied force on bonds holding cells to surfaces during natural cell adhesion
processes. This has lead to a detailed modelling approach termed “adhesive
dynamics” proposed by Hammer’s group to describe cell adhesion under flow
conditions in terms of the behaviour of some types of blood cells in the vicin-
ity of a surface [5-8]. In the adhesive dynamics model, the rate expressions
used are based on the treatment of adhesion molecules as springs. Depending
on the relationship between rate of bond breaking and spring extension three
classes of bonds are proposed: slip bonds (spring extension increases rate
of breakage), catch bonds (spring extension decreases rate of breakage) and
ideal bonds (rate of breakage is independent of spring extension). The specific
ability of a receptor to form different bond types is used as a rationale for the
fact that these cells roll along the adsorbing surface as an intermediate stage
before full attachment. This is most commonly observed with interactions
mediated by receptors of the selectin family whose properties are suggested
to be specifically adapted to this role [7]. While it has been reported that
antibody-antigen interactions between cells and a surface can also support
rolling adhesion, this occurs only over a limited range of receptor density
and range of shear stress [9], and it is likely that the complex relationship
between extension and the rate of bond breakage seen with natural cell ad-
hesion molecules may reflect their biological role rather than a more general
property of biological interactions.
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Once cells have reached stationary attachment, subsequent detachment is
complicated by the multivalent nature of the interaction as described below.
In practice, the difficulty of recovering affinity adsorbed cells in separation
processes has led to the development and rapid expansion of techniques
based on immuno-magnetic separations. In this case bio-specific interactions
are used to couple magnetic particles to the target cell population, which
can subsequently be recovered using a magnetic field. This technique is both
simple and effective to use; however, the costs make it more attractive for di-
agnostic applications [10], although some comparative evaluations have been
conducted with a view to scale up [11]. Overcoming the problem of cell recov-
ery is probably the biggest challenge to be overcome if effective cell separation
strategies are to be developed for use on a larger scale [12].

2
Theoretical Considerations

The simplest approach to modelling the interactions between cell and sur-
face is to treat cells as solid spheres with ligand or receptors dispersed over
their surface and to consider their binding to a planar surface supporting
a distributed population of complementary ligands or receptors. This as-
sessment of the attachment process results in a number of interdependent
stages involving the interaction of fluid dynamic, mechanical force and bio-
chemical effects [13]. For interaction to occur cells must first be brought
into contact with a surface. The resultant “deposition rate” will be a func-
tion of the fluid flow conditions over the surface and the particle size and
geometry [14].

Once in contact with the surface, the cell is able to form interactions de-
pendent on the surface characteristics of both cell and attachment surface.
Taking the simplified case of a ligand/receptor-mediated attachment, where
secondary non-specific interactions cannot occur, the number of bonds that
can form will be a function of ligand and receptor densities. If each bond
requires a specific force to break it, the number of bonds between cell and
surface will determine the shear stress that the attached cell will be able to
resist [15]. The importance of this effect is shown in the case of neutrophil
recruitment to the wall of a damaged blood vessel, where attachment is stim-
ulated by the release of a soluble messenger that causes the neutrophil to
express higher surface concentrations of the appropriate receptor. This in-
creases number of affinity interactions possible between the cells and the
receiving surface and increases the applied force that an attached cell is
able to resist. In this case, complete attachment is preceded by conditions
where cells transiently attach and detach in the rolling phenomenon. This
slows the cells progressively to the point where they finally make a firm
attachment [16].
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Quantitative assessment of the shear stress values compatible with attach-
ment and those required to detach pre-adsorbed cells shows that there is an
order of magnitude difference [17]. Work in our laboratory has shown that
the shear stress required to generate detachment increases with incubation
time up to a maximum value, suggesting that additional interactions are pro-
gressively formed after the initial cell attachment [18].

Depending on the application envisaged, different aspects of the attach-
ment/detachment process might assume greater or lesser significance. For
example, investigation of seeding strategies for use in tissue culture appli-
cations will be concerned predominantly with contact and adhesion. These
stages are also important in determining the progression of many infec-
tious diseases where pathogen attachment to a target cell is critical and has
led to studies aimed at developing agents that can inhibit the attachment
process [19,20]. Work on the significance of cell rolling in inflammation
usually includes assessment of both attachment and detachment as essen-
tial steps in the rolling process [5]. Similarly effective cell separation pro-
cesses will require careful assessment of both attachment and detachment
phenomena.

Hubble [21] described an integrated model based on a process engineer-
ing approach to account for both the effects of fluid flow and changes in the
density and binding parameters of the ligand/receptor interaction. The model
used standard flow correlations to determining both the frequency of cell sur-
face collisions and the consequential effects of surface shear in determining
the behaviour of cells after contact. These include surface rolling and time-
dependent binding stabilisation.

It is assumed that differences in attachment resulting from the binding
interactions between ligand and receptor stem solely from differences in
the intrinsic rate constants that describe bond association and dissociation
coupled with the effect of applied force on the dissociation constant. No ad-
ditional assumptions were made with respect to bond properties.

2.1
Cell Deposition

Correlations between fluid dynamic conditions and cell deposition rates
have been reported for a number of experimental systems. These include
biofilm development [22], the interaction of charged polystyrene particles
with quartz surfaces [14] and membrane separations [23].

A number of these reports have used a deposition equation based on the
Smoluchowski-Levich approximation [14]. For a parallel plate channel this
can be written as:

1

. Dcc (2 bPe)\3

j= ( ) , (1)
0.89r, \9 x
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where j is the cell deposition rate, r;, the cell radius, D, the cell diffusivity,
¢ the cell concentration, b the half channel height, and x the distance from
channel entrance.
The Peclet number (Pe) for a parallel plate geometry flow chamber is given
by:
3Qr3

b )

Pe = ,
4wb3D,

where Q is the volumetric flow rate and w the channel width.
Correlations for determination of cell diffusivity are based on the Stokes
relationship [23]:

kyT
= f 5
where ky, is the Boltzman constant and T is temperature.

The frictional coefficient f can be determined from Stokes law and the
Perrin shape factor:

f=6murF, (4)

where F is the shape factor and u the viscosity.

D. (3)

2.2
Stabilisation of Attachment

Once in contact with a surface, it is possible for cell attachment to either be
stabilised by the formation of additional bonds or destabilised by the loss of
existing bonds. Hubble [24] proposed a steady state model for cell/surface
interactions that used a dimensionless association constant to describe the
number of bonds formed between cell and surface once an initial interac-
tion had formed. The rationale used was that the initial attachment spatially
constrains the positional relationship between cell and surface such that
volume-averaged concentration terms are inappropriate (Fig. 1). This concept
has been extended to describe the progressive detachment of cells from sur-
faces and is capable of predicting the steady state retained fraction of cells as
a function of applied shear [25]. While these reports are limited to consider-
ation of steady state, the approach can be extended to describe the kinetics of
bond formation by considering the balance of forward (k¢) and reverse (k;)
rate constants:

k¢
nb = nb+1, (5)
ke

where nb is the number of bonds.
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Fig.1 Schematic showing the effect of the initial interaction to spatially constrain subse-
quent interactions in multivalent binding (from [12])

This is analogous to the assumption made by Chang and Hammer [6]
that the binding reaction is a first order process. In their case the assump-
tion made is that the apparent first order forward rate constant is given by
the product of a second order intrinsic forward rate constant and the num-
ber of free receptors. Here the assumption is that spatial constraints dictate
that each receptor will only be able to interact with a single ligand. Hence,
there will be a finite population of potential ligand receptor pairs within the
cell surface contact area, and these associate and dissociate in a first order
process.

The force acting on the cell is usually assumed to have no effect on the
association rate. The effect of applied force on the bond dissociation rate is
quantified using the relationship proposed by Bell [4] to relate the apparent
reverse constant to the intrinsic rate constant:

YF
K ex , 6
r &XP (kanb) (©)
where y is the bond interaction distance.
As the number of interacting groups is small, description of the time

course of bond formation was predicted for individual cell-surface interac-
tions using a stochastic approach based on probability theory [26]. Given
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a probability (P) of there being j bonds at time ¢, the aim is to determine
the probability that at a time ¢ + At the number of bonds has reached a new
value n. Using this approach the stochastic change in the number cell/surface
interactions for a given cell can be predicted as a function of time.

23
Strength of Cell Attachment

To quantify the force needed to detach an affinity adsorbed cell it is necessary
to determine the number of bonds formed with the surface and the strength
of each individual bond. The maximum number of interactions between a cell
and surface will be a function of the surface density of ligand and receptor,
the radius of the attaching cell and the maximum separation distance. Geo-
metrical considerations, assuming a spherical cell, allow the formulation of
an expression to describe the radius of the contact area (r,) between cell and
surface (Fig. 2) [15]:

mwm-H
ra=Trp 1_(Pr2) , (7)
P

2

where H is the maximum separation distance.

The contact area and the lower of either the surface receptor or ligand
concentration determine the theoretical maximum number of bonds.

If each bond generates a specific attachment force, the number of bonds
can be used to estimate the force required to detach a cell from the surface.
This will also depend on the size of the cell and the radius of the contact area

H Receptor
hs

— T, —

Fig.2 Geometrical relationship between cell radius and receptor bond length in determin-
ing the contact area for a cell-surface interaction. The maximum number of interactions
is a function of the surface concentration of ligand and receptor, the radius of the attach-
ing particle and the maximum separation distance (bond length) (from [15])
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Fig.3 Schematic showing the effects of size and contact area on the ability of a cell to
resist an applied force

(Fig. 3). For the parallel flow chamber geometry commonly used to study cell
surface interactions, Cozens-Roberts et al. [15] concluded that the total force
(F;) applied to a cell by fluid flow could be reduced to the following simple
expression:

1107
Ft = P . (8)
Ta
In a parallel plate channel the wall shear stress is given by:
6un
= 9
Tw 2b 9)

where b is the half channel height, u the linear velocity and p the viscosity.

Using these relationships the force required to detach an affinity adsorbed
cell from a surface can be determined and hence the flow conditions required
to effect detachment can be quantified [21,27].

While the equations developed above consider the effects of multiple in-
teractions on binding it is likely that kinetic effects during the loading stage
might result in a steady state bond number dependent on the conditions used.
Even if the theoretical maximum number of interactions is determined by
geometrical and binding considerations there is no guarantee that this max-
imum will be achieved (Fig. 4). Unless the ligand and receptor distribution
are both uniform over the contact area it is probable that the number of
bonds that form will be dependent on the orientation of the initial contact
and the rate at which interactions subsequently occur. The situation might
be regarded as analogous to annealing, where the ultimate crystal structure
of a metal is dependant on the rate at which it is cooled from a molten
state. Certainly there is a large volume of data that show multivalent inter-
actions are time-stabilised [28-30]. In many cases this results from cellular
responses [31]. However, results in our laboratory obtained with both arti-
ficial cell mimics and yeasts show that there can also be a time-dependent
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Fig.4 Ligand/receptor-mediated interaction of cell with surface showing the importance
of orientation in determining number of interacting ligand/receptor pairs. (N.B. even in
the optimal orientation it cannot be assumed that the theoretical number of interactions
will be reached) (Redrawn from [12])

stabilisation effect in systems where such re-orientation of binding molecules
is not possible [18].

24
Model Formulation

The surface site density used for modelling studies was calculated from
the surface concentrations of receptor and ligand. Simulations were con-
ducted using surface concentrations in the range quoted for bead studies
(10-10'° m~2) by Cozens-Roberts et al. [15]. The value chosen sets the max-
imum value for the number of interactions (nbmax) within the contact area
calculated from Eq. 7.

Once the bond number has been calculated it is compared with the min-
imum number of bonds (nbpin) needed to match the applied force as calcu-
lated from Eq. 8:

Nbmin = B . (10)

fo

Only if the number of bonds formed is greater than nbni, does the cell
attach. The integrated model treats a surface element as a square grid of at-
tachment sites to track the progressive attachment and detachment of cells.
This grid is mapped to an area equal to ten times that, which results from
the maximum number of adsorbed cells (i.e maximum fractional coverage of
0.1). The cell deposition rate to this area is determined using Eqgs. 1-4. Once
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the position and number of bonds holding each of the attached cells have
been determined for the attachment period, the number of bonds attaching
each cell is revised using the stochastic numerical integration. At the start of
the next time interval, the number of bonds holding each cell is compared
with nbpin. Thus the change in the number of bonds in each time interval
can be predicted as a function of both rate constants for the interaction and
applied shear stress (Fig. 5). If the number of bonds has fallen below the min-
imum needed to appose the applied force the cell is deemed to have detached.
This sequence is then repeated for the next time interval. The model tracks
both number of attached cells, and the average number of bonds forming the
attachment, as a function of time.

Using this modelling approach it is possible to predict the effect of changes
in binding properties, cell dimensions, ligand and receptor densities and flow
conditions on the attachment, stabilisation and detachment phases of a cell
separation cycle. For example, Fig. 6 shows the effect of increasing volumet-
ric flow rate through a parallel plate adsorber. As flow is increased the cell
attachment rate increases with flow, reflecting an increased deposition rate.
However, as flow is increased further, surface shear effects increase the com-
peting detachment rate and net attachment falls.

Figure 7 shows that for conditions where net bond formation is positive
the average number of bonds between cells and surface continues to increase
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Fig.5 Effect of shear stress (Pa) on number of bonds formed in 1 s. Initial contact is set
to one bond. Order of magnitude of rate constant k; (k¢ = 1.15k; in each case): o 1, [10.5,
$0.25, A 0.1, v 0.05 (from [21])
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Fig.6 Effect of volumetric flow rate (m>s™') on a simulated cell attachment time course
in a thin channel adsorber. A 1.25x 1078, B 8.3x 107, C 1.67x 1078, D 8.3x 10719,
E 1.67 x1071%, F 2.1 x 1078, Arrows indicate whether trend is increasing or decreasing
with flow rate (from [21])
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Fig.7 Simulated time course for cell attachment (solid line) and bond/cell ratio (broken
line) (from [21])
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once the attached cell fraction is stable, reflecting the experimentally ob-
served time-dependent stabilisation.

3
Cell Detachment Protocols

Given that the final number of bonds between cell and surface may be de-
termined by sequence as well as by the extent of reaction, the attachment
strength can be controlled by the loading conditions as well as the ligand
density used. For example, it is possible that the loading stage can be mod-
erated by the use of temperature or the presence of competitive monova-
lent inhibitors to give the ultimate binding strength required. Indeed a very
close analogy to annealing could be obtained by physically contacting the
cells in a high concentration of inhibitor, which is then progressively re-
duced as binding proceeds. Therefore, the first step in developing an effective
detachment strategy is to control the attachment stage to ensure that the at-
tachment force is limited to the minimum needed for effective capture and
washing.

In molecular affinity chromatography systems, elution will be induced by
some change to the chemical environment of the adsorbent. This could be
the use of a bio-specific competitor where competing free ligand is used to
displace the binding equilibrium. The problems here are that, as discussed be-
low, multivalent competitors may be required, the cost of the eluting agent
may be prohibitive, and the rate of desorption is often slow as it will be dic-
tated by the “off” constant of the interaction.

To overcome these problems in molecular separations the process con-
ditions are commonly changed such that the interaction is disrupted. The
requirement is that while the changes induce a sufficiently large structural
change to promote desorption, they are not sufficiently harsh that they cause
denaturation or product damage. The feasibility of this approach depends on
the strength of the binding interaction and if Kq is too low excessively harsh
conditions may be required. This problem is particularly severe for separa-
tions intended for use with mammalian cells where the reagents used may be
cytotoxic or lead to excessive changes in osmotic pressure.

An alternative chemical approach to detachment, which can be used to
recover both molecules and cells in affinity separation protocols, is to use
a proteolytic digestion to cleave either the ligand or receptor. In the case
of genetically engineered proteins this can be facilitated by the inclusion of
a “fusion tag” containing an amino acid sequence tailored to the specificity
of a particular protease [32]. For cell detachment, digestion of the ligand or
receptor is possible [33]. A potential disadvantage of this approach is that the
adsorbent cannot be reused.
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3.1
Bio-specific Elution

In the case of bio-specific elution, the concentration of a monovalent com-
petitor would need to be determined with respect to the apparent dissociation
constant of the multivalent interaction. In systems where nb can be large this
would lead to concentrations that are not physically achievable. The situation
can be improved by the use of multivalent competitive inhibitors [34].

Although multivalent competitors have not been reported for use in
affinity separations, studies conducted on cell-cell interactions have shown
that multivalent inhibitors can be many times as effective as an equiva-
lent monovalent species [35, 36]. However, although these findings have sig-
nificant therapeutic implications the cost of such preparations would make
them unattractive for use in cell separation systems. In addition, as with
molecular separations, the kinetics of bio-specific displacement is likely
to be slow.

3.2
Non-specific Elution

The requirement here is that while the conditions induce a sufficiently large
effect to promote desorption, they are not harsh enough to cause denatura-
tion. The feasibility of meeting this constraint is dependent on the dissocia-
tion constant for the specific interaction.

Although the cooperative effects of multivalent interactions significantly
reduce the apparent dissociation constant for the overall interaction, it is
the individual interaction constant that determines the chemical conditions
needed to non-specifically disrupt binding. This suggests that non-specific
eluents that increase the ligand/receptor dissociation constant will be more
effective than bio-specific competitors. The constraint on their use is the
extent to which cell viability is compromised by elevated reagent concen-
trations or significant pH shifts; this suggests that engineering solutions
are required to allow effective delivery strategies that minimise toxic side
effects.

At the bulk concentrations needed to effect desorption, chemical toxic-
ity may compromise the use of non-specific eluents. However, if cells are
adsorbed onto a porous surface such as an ultrafiltration membrane, non-
specific eluents can be diffused or convectively passed through the membrane
while a tangential flow is maintained above the membrane. This allows the
formation of an eluent concentration gradient from the membrane surface
down to the bulk concentration. Balancing of transmembrane and tangen-
tial flows allows desorption to be controlled in terms of applied force, lo-
calised eluent concentration in the attachment region and extent of bulk
eluent dilution (Fig.8). The principle of this approach has been success-
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Fig.8 Effect of cross-flow velocity on the concentration gradient of a non-specific eluent
delivered through a porous adsorption surface

fully demonstrated by Mandrusov et al. [37] using diffusion of hydrochloric
acid through a dialysis membrane acting as the ligand support to effect
elution.

3.3
Shear-Induced Detachment

The effects of force on an attached cell have been described above and the re-
lationship between force and fluid flow described for thin channel geometry.
Providing the detachment forces required do not lead to cell damage this ap-
proach has the advantage of requiring no chemical changes to the suspension
media. However, care has to be taken to ensure that the flow regime does not
lead to excessive dilution of the recovered cell population.

In cell-based systems an external force in excess of the attachment force
holding the cell to the surface can be applied to generate physical detach-
ment [38]. In practice, some applied force will be necessary to remove the cell
from the surface, even if all the bonds were to be dissociated (in this situ-
ation cell recovery would be analogous to simple re-suspension). The amount
of force required above this minimum will depend on the cell surface in-
teractions. The constraints on using flow-induced forces are the level of cell
damage and the degree of eluted cell dilution that result.

The use of gas bubbles to displace adherent particles from surfaces has
been investigated in a number of cleaning studies aimed at electronics appli-
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cations [39-41] and more recently in studies of bacterial adhesion [42]. These
studies showed that surface tension-induced detachment forces arising from
a passing liquid-air interface are several orders of magnitude larger than the
hydrodynamic forces for colloidal particles with radii below 5 um [39].

The maximal detachment force Fpax generated by the passage of an air-
liquid interface on an attached particle is given as [40]:

Frnax = 271pyL sin? (j)cos@, (11)
for 6 <90°.

Fmax=—27rrpyLsin2 (E;Ol)cosé, (12)
for 6 >90°,

where 7, is the particle radius, y1, is the liquid-air interfacial tension, and 6
and « are contact angles on the collector and the particle surface, respectively.

The major advantage of gas as a displacing agent is that high shear stresses
can be generated without the need for high liquid throughput, minimising cell
dilution. The choice of an appropriate gas also minimises extraneous reagent
contamination to the system.

4
Considerations for Effective Separator Design

There are two central factors that emerge from the assessment of the funda-
mentals of cell/surface interactions, namely the significance of multivalency,
and the importance of applied force. This suggests that protocols based on
the use of packed beds where shear forces are constrained, and bio-specific
elution where elevated eluent concentrations are needed, are unlikely to be
successful.

Taking the physical design of the contactor first, the fundamental consider-
ations dictate a geometry that allows effective contacting of cells with surface
and the subsequent potential to control the force applied to attached cells by
varying the fluid shear at the surface.

It is immediately apparent that a fixed bed adsorber configuration does
not well satisfy these requirements. In addition to the problems of steric
entrapment identified by Sharma and Mahendroo [43], the compressible
nature of most adsorbent beads coupled with the pressure drop/flow rela-
tionships inherent in fixed bed operation will place unacceptable limits on
the displacement force that can be applied to attached cells. However, re-
cent developments in the area of molecular adsorption include the use of
expanded beds for the processing of particulate-containing crude feeds [44].
In this case, many of the problems of steric entrapment will be alleviated
by the more open structure of the expanded bed. Chase’s group at Cam-
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bridge have reported on the use of expanded bed protocols for a num-
ber of cell separations [45,46]. In their work yeast cells were adsorbed
on a concanavalin A derivatised perfluorocarbon support. The adsorbent
was used to give a settled height of 20 cm and fluidised at 0.7 cm® min™!
to give an expanded height of 40 cm. Saccharomyces cerevisiae suspen-
sion was applied at a concentration of 1.8 x 108 cellscm™ until 20% break-
through. The bed was then washed with buffer and eluted in expanded
mode.

Adsorption kinetics were attractive, showing a time constant of < 8 min;
however, while adsorbed cells could be eluted using 500 mM methyl «,D-
mannopyranoside as a competitor, the kinetics of release were slowed by the
multipoint nature of the interaction.

An alternative approach, which offers a number of attractive possibilities,
is the use of a membrane-based system. In addition to separation based on
the primary sieving properties of membranes, a number of workers have in-
vestigated their use as a combined sieve/adsorber [47]. In many molecular
separations the potential benefits of this combined approach are compro-
mised by fouling effects, which can lead to rapid changes in apparent mo-
lecular weight cut-off. However, the membrane adsorber is particularly well
suited for use in cell separations where the potential to adjust the balance be-
tween trans-membrane flux and fluid velocity parallel to the surface means
that adsorption, wash and elution steps can be carried out under separate,
optimised conditions (Fig. 9).

In practice, a membrane-based approach offers the closest analogy to the
flow cell geometries typically used in cell/surface detachment studies, such
that flow conditions can easily be designed to match those identified in as-
say systems. In addition to this advantage, the ability to generate a convective
flow normal to the membrane surface allows effective control of the con-
tacting/adsorption stage of the separation (Fig. 9a). For cell separations the
membrane pore size can be such that concentration polarisation and fouling
by macromolecules can be minimised, and while biocompatibility issues may
be important, the issue of mammalian cell stability has been addressed in the
context of membrane bioreactor design [48].

The suitability of membrane separators for the wash and elution stages
of separation also stem from the ease with which surface shear can be var-
ied and again there is a large amount of background information, in this
case resulting from the use of cross flow-induced shear to minimise mem-
brane concentration polarisation and fouling [23]. There are two additional
factors that increase the attractiveness of membrane separators. The first
is the problem of non-specific detachment of target cells during the wash-
ing stage. Even though it may be possible to wash with shear rates below
that needed to detach specifically bound cells they can still be removed as
a result of collisions with contaminant cells washed from the surface. The
ability to use a membrane with either a continuous or periodic back flux of-
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fers the potential to move cells away from the surface after detachment such
that the potential for collision-induced detachment is reduced (Fig. 9b). How-
ever, probably the most significant advantage offered by membrane-based cell
separators is the potential they offer for the effective use of non-specific elu-
ents. In traditional fixed bed configurations the concentration of non-specific
eluents required are likely to be highly cytotoxic and, in the case of mam-
malian cells, cause unacceptably large changes in osmotic pressure. However,
as shown by Mandrusov et al. [37], a membrane system allows precise control
on eluant delivery such that adjusting tangential and trans-membrane flows
allows elution (Fig. 9c). In this study a cellophane membrane was mounted
between two flow channels allowing the flow of buffered saline over the sur-
face containing pre-adsorbed cells while hydrochloric acid (pH 1) was passed
over the other side in a counter-current direction. Using this protocol the

Low High

Qoo . .. Q@o._... ®

©)

Fig.9 Schematic of a membrane affinity surface used for cell separation. a Adsorption/
loading: Low cross-flow velocity to minimise shear induced detachment - high trans-
membrane velocity to deposit cells on surface, i.e. high concentration polarisation.
b Wash: Medium cross flow to generate sufficient surface shear to detach cells held solely
by non-specific interactions - low transmembrane velocity in the reverse direction (back-
flush) to minimise collision effects. ¢ Elute: High cross flow to generate sufficient shear to
detach affinity adsorbed cells. Low backflush to allow introduction of non-specific eluent
(from [12])
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authors found that all cells were removed within 15 min and that the viabil-
ity of eluted cells was 60%. Direct elution using saline at pH 2 and 5 passed
over the cell supporting surface resulted in lower viabilities of 10 and 30%,
respectively.

Alternatives to chemical-based elution protocols can be based on the use
of mechanical force to elute attached cells. This can be generated using fluid
flow as described by workers studying cell attachment strength in parallel
plate flow chamber systems, e.g. [5, 6, 15, 34]. However, for systems intended
for cell fractionation, the use of fluid flow will either lead to excessive dilution
or would require the recirculation of eluent through a pump, thereby expos-
ing detached cells to elevated shear forces. Ujam et al. [46] employed “a crude
attempt at an elution” of monocytes bound to a particulate immuno affinity
adsorbent by removing the monocyte-loaded particles from an expanded bed
column as slurry and then agitating in a beaker with a magnetic follower at
400 rpm for 10 min. While this resulted in recovery of monocytes at a yield
and purity of 77 and 90%, respectively, the viability was reduced to 65% as
a result of membrane damage.

An alternative approach employed in our laboratory was to use bubble-
induced shear forces, as described above, to detach cells adsorbed to the lu-
men of nylon tubes [49]. While parallel plate cells are convenient for studying
cell attachment phenomena, tubular surface configurations offer significant
advantage in terms of adsorption surface area to volume ratios. Further-
more, the use of small diameter tubes greatly facilitates the introduction of
bubbles having precise and reproducible dimensions. The tube cell used is
described in Fig. 10. In each case, the separator was loaded by filling con-
canavalin A coated tubes with a suspension of yeast cells and then incubating
to allow adsorption to occur.

The detachment resulting from the introduction of air bubbles into the
tube bundle showed a consistent recovery of just below 1 x 10% cells over
four loading cycles for a 0.5 mL bubble, with slightly higher recoveries for
1 and 2 mL bubbles. As each bubble passes over the cells, they are exposed
to the passage of two air-liquid interfaces. As the interfaces generate the
detachment shear stress, a comparison was made between different flow
velocities (Fig. 11) and different numbers of bubbles for the same total in-
jected air volume (Fig. 12). This showed that the cumulative effect of 4 x
0.5mL bubbles is consistently greater than a single 2 mL bubble. However,
little additional benefit was gained after the passage of two bubbles. As
with most elution protocols involving adsorptive separation, a trade-off must
be made between fractional recovery and final concentration. The results
obtained suggest that bubble detachment efficiency varies between 40 and
100% depending on bubble size and frequency. A follow-up study using
affinity adsorbed erythrocytes showed essentially similar results (Figs. 13
and 14), with little evidence of physical damage evident during microscopic
examination [50].
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Fig. 10 Construction of a tubular cell adsorption chamber for use with bubble detachment
of affinity adsorbed cells (from [49])
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Fig. 11 Effect of bubble volume on cell detachment curves. Detachments were carried out
with pH 6 phosphate buffer at flow velocity of 0.79 cms™! (shear stress 0.677 dyne cm™2).
Air volumes injected at 2-min intervals (from [49]): 4 2mL, (J 1 mL, A 0.5mL, ¢ 0.25mL
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Fig.12 Effect of flow velocity on cell detachment carried out with pH 6 phosphate buffer
with 1 mL air injected into the flow system every 2 min (from [49]): 4 0.57 cms™! (shear
stress 0.48 dyne cm2), 00.95cms™! (shear stress 0.81 dyne cm?2), A 1.9cms™! (shear
stress 1.63 dyne cm™)
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Fig. 13 Total cumulative fraction affinity adsorbed erythrocytes detached in a tubular ad-
sorber as a function of number of bubbles passed over the surface at three different flow
velocities (constant bubble size) (from [50])
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Fig. 14 Total cumulative fraction affinity adsorbed erythrocytes detached in a tubular ad-
sorber as a function of number of bubbles passed over the surface at three bubble sizes
(constant flow velocity) (from [50])

5
Conclusions

This report has focused on a number of phenomena that are important in
determining the extent and strength of the affinity attachment of cells to sur-
faces. This requires a departure from the typical analysis used for soluble
systems in that ligand density effects have been considered largely in terms
of their effect on the number of possible interactions rather than in terms of
liquid phase concentrations. Similarly, the relationship between apparent dis-
sociation constants for multivalent interactions and the intrinsic dissociation
constant is considered with respect to the number of interactions. The im-
plication is that above a critical value increases in ligand density would be
expected to have little influence on attachment, as is observed in practice [51].

Once multiple bonds have formed the theory presented suggests that the
intrinsic dissociation constant for the ligand receptor interaction chosen is
less important than the valency of the interaction in determining the stabil-
ity of attachment. What is important is the speed at which these bonds can
both form and break and it is interesting to note that the selectin molecules,
which mediate multivalent interactions between neutrophils and the walls of
blood vessels, are characterised by large dissociation constants and an abnor-
mally high “off” constant [52]. Taking a lesson from nature it would appear
that the ideal interaction to use in a cell separation should have a dissociation
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constant of the order of 107 mol L}, i.e. probably two orders of magnitude
higher than would be typical for a molecular affinity separation. An interest-
ing possibility for exploiting rapid detachment seen with selectin-mediated
adhesion is reported by Greenberg and Hammer [53] who showed that differ-
ential rolling velocities could be used to selectively enrich sub-populations of
sialyl Lewis(x)-coated microspheres.

More generally, once the receptor interaction to be used has been identified
and the maximum possible bond number determined, the critical factor for
success will be the ability of the separator to allow generation of the optimal
chemical and flow conditions during wash and elution stages. Where chem-
ical or biochemical elution strategies are to be employed membrane-based
adsorbers would appear to offer the most flexible approach to meeting these
requirements. For systems where force is to be used to effect detachment,
bubble-induced shear forces are attractive as they minimise elution volumes
to the point where separation and concentration can potentially be achieved
in a single step [47].
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Abstract The preparative cell separation is an intrinsic requirement of various diagnos-
tic, biotechnological and biomedical applications. Affinity chromatography is a promising
technique for cell separation and is based on the interaction between a cell surface recep-
tor and an immobilised ligand. Most of the currently available matrices have pore size
smaller than the size of the cells and are not suitable for cell chromatography due to col-
umn clogging. Another problem encountered in chromatographic separation of cells is
a difficulty to elute bound cells from affinity surfaces. Application of novel adsorbents,
supermacroporous monolithic cryogels, allows overcoming these problems. Cryogels are
characterised by highly interconnected large (10-100 pwm) pores, sponge-like morphology
and high elasticity. They are easily derivatised with any ligand of choice. Convective mi-
gration can be used to transport the cells through the matrix. Target cells bind to affinity
ligands, while other cells pass through the cryogel column non-retained and are removed
during a washing step. Because of the spongy and elastic nature of the cryogel matrices,
the cells are efficiently desorbed by mechanical compression of cryogels, which provides
high cell viability and yields. The release of affinity bound cells by mechanical compres-
sion of a cryogel monolithic adsorbent is a unique and efficient way of cell detachment.
This detachment strategy and the continuous macroporous structure make cryogels very
attractive for application in cell separation chromatography.

Keywords Supermacroporous cryogels - monolithic chromatography - cell separation -
affinity chromatography - convective flow - mechanical compression
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1
Introduction

Efficient and inexpensive techniques for fractionation and isolation of tar-
get cell types are necessary to provide pure cell populations for diagnostics,
biotechnological and biomedical applications. Despite the growing need for
methods for separation of cells into cell sub-populations, none of the exist-
ing techniques can provide a desired degree of performance at a preparative
scale. The traditional techniques, micro- and ultra-filtration and ultracen-
trifugation which exploit differences in cell size, shape and density [1-4] have
low specificity and are difficult to scale up. Flow cytometry, where the target
cells are labelled with an immunofluorescent probe, is accurate but time con-
suming and expensive [5]. Magnetic bead separation technology [6-8] has
gained popularity within the fields of cell biology and medical microbiology
but is restricted mainly to analytical scale and has the problem of nonspe-
cific cell-surface interactions and irreversible cell adsorption. Partitioning in
aqueous two-phase systems [9], based on specific partitioning of cells be-
tween two immiscible aqueous polymer solutions, is a technique which has
good prospects for scale up but it suffers from the necessity to separate
the target product from the phase-forming polymer. Moreover, extraction in
aqueous two-phase systems provides only one equilibrium stage for adsorp-
tion/desorption process and hence requires repetitive extractions in order to
achieve sufficient selectivity.

Chromatography is one of the most powerful and widely used separa-
tion techniques in down stream processing of biomolecules. Adoption of this
method for the separation of different types of cells offers many advantages
with respect to resolution and scale-up. However, cell chromatography has
not yet found wide application mainly due to the absence of adsorbents that
could meet the requirements for efficient chromatographic cell separation in
which the large size of cells, their low diffusivity and complex surface struc-
ture and chemistry should be considered. Traditional adsorbents for protein
chromatography are not suitable for processing particulate containing feed
stocks as they act as filters accumulating the cells between the beads. Macro-
porous beaded adsorbents [10-12] are also far from being ideal for efficient
chromatographic cell separations due to diffusional limitations. Up to 95% of
the convective flow passes through the void volume around beads and cells
bind mainly to the surface of the beads, practically not penetrating into the
pores compromising significantly the capacity of the adsorbent [13].

While expanded bed chromatography (EBC), is a promising preparative-
scale technique for processing cell-containing suspensions, it suffers from
some major limitations. The long equilibrium time, requirements for special
columns and the narrow range of flow velocity are some of the disadvantages
of EBC when it comes to specific adsorption/desorption of cells. Further-
more, high shear forces existing in EBC can affect adversely the viability of
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cells. Thus, a rare example of EBC application for microbial cell separation
(Escherichia coli cells from Saccharomyces cerevisiae cells) is limited to the
separation of heat-treated cells [14].

An alternative way is the development of macroporous chromatographic
matrices with 10-100 um large and interconnected pores, allowing microm-
eter size particles like cells to pass through the monolithic columns nonre-
tained. Moreover, in monolithic columns, the mass-transport of the particles
dispersed in the feed is predominantly due to convection. Thus, two main lim-
itations of using chromatography for cell separation, namely blocking of the
column by particulate material and low diffusivity of bioparticles, are circum-
vented when using monolithic macroporous columns.

2
Macroporous Hydrogels, Cryogels

It is desirable to have a process producing hydrophilic macroporous material
where the voids in the material are formed by “displacing” polymer chains
from the pores into pore walls, so that the pore walls have high local polymer
concentration as compared to the local polymer concentration in hydrophilic
nonmacroporous gels with the same formal bulk concentration of the poly-
mer. The increased local polymer concentration in the pore walls will ensure
sufficient mechanical stability of the material.

Cryotropic gelation (see review [15]) has been used in order to produce
macroporous hydrophilic gels (so-called cryogels from the Greek kryos mean-
ing frost or ice) for chromatographic applications. Though purely from the
polymer science point-of-view the cryogel-type materials have existed for
some time but their potential for biotechnological applications has been re-
alized only recently [16]. Thus, the hydrophilic cryogels were specifically de-
signed for application to technologically challenging bioseparation processes
and high-throughput analysis.

Cryogels are produced via gelation processes at subzero temperatures
when most of the solvent is frozen while the dissolved substances (monomers
or polymer precursors of a cryogel) are concentrated in small nonfrozen re-
gions, where the gel-formation proceeds. After melting the solvent crystals
(ice in the case of aqueous media) that perform like porogen, a system of
large continuous interconnected pores is formed, that provides channels for
the mobile phase to flow through (Fig. 1). The pore size depends on the ini-
tial concentration of precursors in solution, their physicochemical properties
and the freezing conditions (Fig. 2A,B).

It is not straightforward to determine absolute values of pore sizes in
porous hydrogels as water in the pores is essential for maintaining the hy-
drogel integrity. The removal of water from the pores when drying cryogel
samples for scanning electron microscopy (SEM) could change pronouncedly
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Fig.1 Schematic presentation of the cryogel formation. Reproduced from [19]

the cryogel structure. Environmental scanning electron microscopy (ESEM)
allows for the possibility of monitoring changes in the structure of the ma-
terial whilst the sample dehydrates slowly [17]. In the fully hydrated sam-
ple it was impossible to visualize the pores as they were filled with water
(Fig. 2C). As the water evaporated, the surface details became more visible
(Fig. 2D-E). The ESEM micrographs at high degrees of dehydration showed
the same macroporous structure as SEM did with interconnected pores of
ten-to-hundred micrometers in size and thin and dense pore walls. Moreover,
confocal microscopy of the cryogel in the wet state (Fig. 2F) demonstrated
clearly in a good agreement with SEM and ESEM, the presence of large,
ten-to-hundred pm interconnected pores with smooth pore walls and dense
polymer walls in between the pores.

Specifically, cryogels differ from traditional gel materials due to the sys-
tem of interconnected macropores (giving the cryogels a sponge-like morph-
ology) and due to the structure of pore walls formed when compulsory in-
crease in polymer concentration in nonfrozen regions takes place (providing
cryogels with a relatively higher mechanical strength as compared to tradi-
tional gels with the same formal bulk concentration of the polymer). The
concentrated polymer gel in the pore walls swells poorly and ensures elas-
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F

Fig.2 Pore structure of cryogels. SEM microphotograph of diametrical cross-sections of
polyacrylamide cryogels prepared at — 12 (A) and - 18 °C (B), respectively. Reproduced
from [69]. ESEM images of polyacrylamide cryogel: (C-E) - initially wet sample at dif-
ferent degrees of the dehydration. Reproduced from [18]. Confocal microscopy image of
fluoresceinamine-labelled polyacrylamide cryogel (F). Reproduced from [30]

ticity of cryogels [even those produced from such hydrophilic polymers as
poly(acrylamide) and agarose], while spongy morphology allows liquid to be
pumped through cryogels at high flow rates with minimal flow resistance. The
structure and properties of such cryogels depend on the concentration of gel
precursors and thermal conditions of cryotropic gel-formation. For instance,
an increase in initial co-monomer concentration gives rise (under identical
conditions) to an increase in both polymer concentration in pore walls and
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the overall strength of the macroporous gel material, but at the same time
results in a decrease in the flow rate through the cryogel column [18]. The
latter is due to the lower amount of solvent, which is frozen out from the
more concentrated initial solution and, as a consequence, there is a smaller
total volume of ice crystals forming the macropores. The influence of gel-
formation temperature on physical properties of resulting cryogels is rather
evident: the lower the freezing temperature, the higher the cryoconcentration
(hence, the higher the polymer concentration in the pore walls and the higher
the overall gel strength). On the other hand, at lower temperature smaller (in
size) ice crystals are formed, so the smaller is the cross-section area of each
macropore, and, therefore, flow resistance increases, and flow rate through
a monolithic cryogel column drops [19]. The polymer concentration in the gel
phase in cryogels is considerably higher as compared to conventional poly-
acrylamide gel, prepared from the same initial monomer solution at room
temperature, thus explaining clearly why cryogels are stronger than the gels
with comparable formal bulk concentration of the polymer, in spite of the
macroporous morphology of cryogels.

In general, pore size, shape and morphology in the macroporous polyacry-
lamide gels produced by radical polymerization at subzero temperatures can
be controlled in a rational way by controlling two processes, namely gel for-
mation and solvent freezing. Depending on the conditions used (the content
of the initiator, freezing temperature and the solvent used) a broad variety of
porous structures ranging from closed macropores with microporous walls
to open interconnected macropore systems with nonporous walls. Presum-
ably, the bimodal pore distribution is the result of the combination of two
processes, the formation of macropores in the nonfrozen liquid phase (when
solvent crystals perform as a porogen) and the phase separation of the poly-
mer synthesized within the nonfrozen liquid phase. Cryogels with uniform
(when synthesized in water) or oriented (when synthesized in formamide)
porosity have also been produced. [20].

It is also possible to modify the surface of pores inside cryogels by graft-
ing with different functional polymers. The grafting to the surface could be
achieved via chemical bonding between reactive groups on the gel surface
and reactive terminal groups of the preformed polymer (so-called graft-
ing to). The obvious advantage here is that one can beforehand determine
the properties (molecular mass and molecular mass distribution) of the to-
be-grafted polymer. The problem is that the surface should have reactive
groups suitable for grafting and the grafted chain should carry the proper
functionality at the end. It is very difficult to achieve high grafting den-
sities using the grafting to methods because of steric crowding of reactive
sites at the gel surface by already bound polymer molecules. Moreover,
the efficiency of grafting to methods is pretty low resulting in pronounced
losses of the terminally modified polymer. Hence, an alternative approach
also called grafting from has been adopted for the production of polymer
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brushes at the pore surface. Anion-exchange polymer chains of poly(2-
(dimethylamino)ethyl methacrylate) and poly([2-(methacryloyloxy)ethyl]-
trimethylammonium chloride) [21,22] and cation-exchange polymer chains
of polyacrylate [23] have been grafted onto poly(acrylamide)-based cryogels
using potassium diperiodatocuprate as the initiator. The graft polymeriza-
tion did not alter the macroporous structure of the cryogels, however, the
flow rate of solutes through the cryogel matrix decreased with increase in the
density of grafted polymer. The sorption of low-molecular-weight (metal ion,
dye) and high-molecular-weight (protein) substances on the grafted mono-
lithic cryogel columns indicates that a “tentacle”-type binding of protein to
grafted polymer depends on the architecture of the grafted polymer layer
and takes place after a certain degree of grafting has been reached [24]. The
polymer brushes carrying affinity ligands attached to the polymer backbone
are expected to be surfaces allowing for affinity binding of cells via multi-
point interactions. On the other hand, affinity binding of cells to polymer
brushes prevents the nonspecific interactions with the matrix surface and
hence allows for better control of cell binding and release [25].

Unlike traditional polyacrylamide gels, which are rather brittle, polyacryl-
amide-based cryogels are elastic, soft, sponge-like materials that can with-
stand large deformations and can be easily compressed 4- to 6-fold without
being mechanically damaged. The compressed monoliths re-swell and adopt
their initial shape upon the addition of more liquid [26]. It is possible to com-
press cryogel monoliths (0.5 ml; 7.1 mm i.d.) slightly for inserting them in the
wells (1.5 ml; 7.0 mm i.d.) of a standard 96-well plate [26, 27] or to stack them
as “building blocks” on top of each other inside the column when scale-up
is needed [28, 29]. Cryogel monoliths in a column format (5 ml, 12.4 mm i.d.
and 4.5ml, 7.1 mm i.d) and in a 96-minicolumn plate format were used for
cell chromatography.

3
Chromatography of Bioparticles and Microbial Cells

The 10-100 pm pores (and even larger) in cryogels make it possible to
use these materials for chromatography of bioparticles having sizes up to
1-10 pm without a risk of mechanical entrapment of bioparticles in the
column. Even cells as big as red blood cells (7 um) are convectionally trans-
ported by the liquid flow through the monolithic plain cryogel column with-
out being trapped mechanically (Fig. 3A). No pronounced tailing of the cell
peak was observed. One could expect the flow to be still laminar in the in-
terconnected pores of ten-to-hundred micrometers in size at these flow rates.
Hence the cells do not experience large shear forces and are intact at the out-
let of the cryogel column. No haemolysis was observed in the cell-containing
fractions (Fig. 3B).
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Fig.3 Flow of the pulse of whole blood through a plain cryogel column. One ml blood was
applied to the plain cryogel column at a flow rate of 0.5 ml/min in isotonic buffer solu-
tion. column I: column before application; column 2-5: column during the run; column 6:
column after the flow of blood sample (A). Flow through fractions from the column were
collected and left to stand. No red blood cell lysis was observed in the fractions (B).
Reproduced from [30]

Cells bind to the monolithic cryogel column when there is a possibility for
cells to interact with some specific groups (charges, hydrophobic moieties or
affinity ligands) introduced at the surface of pores in the cryogel column. In-
deed, E. coli cells were bound to an ion-exchange monolithic cryogel column
at low ionic strength and were eluted with 70-80% recovery at NaCl concen-
trations of 0.35-0.4 M, while E. coli cells bound to a cryogel column bearing
Cu(Il)-loaded iminodiacetate (Cu(II)-IDA) ligands were eluted with around
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80% recovery using either 10 mM imidazole or 20 mM EDTA [31]. When cells
are bound to the column, an important question is whether the binding takes
place in the whole volume of the column or the cells are accumulated only at
some particular zones, for example only at the top. One column was sacri-
ficed after binding of ampicillin-resistant E. coli cells. The matrix was taken
out from the column, the central disc-shaped zone was cut out and a few
small pieces were taken from the central part of this disk and placed on top
of an agar plate containing ampicillin (Fig. 4C). After incubation over night
at 37 °C, pronounced and approximately similar growth was observed around
all pieces of the matrix exposed to cells (Fig. 4A). This indicates cell binding
inside the whole volume of the supermacroporous anion-exchange cryogel
column. As a control, pieces of an unused column were placed on top of
an agar plate without ampicillin and no growth occurred under the same

-

Fig.4 A Growth from pieces of supermacroporous anion-exchange matrix on ampicillin-
containing agar plates after binding ampicillin resistant E. coli cells. B Pieces of a newly
synthesized column on an agar plate without ampicillin. Both plates were incubated for
17 h at 37°C. C Schematic explanation of how pieces of the supermacroporous matrix
were taken. Reproduced from [31]
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Fig.5 Scanning electron microscopy photographs of supermacroporous anion-exchange
matrix with bound E. coli cells at different magnification indicated by the bars at the
bottom of the photographs. The samples were fixed in 2.5% glutaraldehyde in 0.15M
sodium cacodylate buffer over night, postfixed in 1% osmium tetroxide for 1 hour, dehy-
drated in ethanol and critical point dried. Dried samples were coated with gold/palladium
(40/60) and examined using a JEOL JSM-5600LV scanning electron microscope. Repro-
duced from [31]

conditions (Fig. 4B). Bound E. coli cells were also visualized using scanning
electron microscopy (SEM) (Fig. 5). Clearly, bound cells are attached to the
plain parts of the pore walls indicating specific interaction of cells rather than
mechanical entrapment in “dead flow” zones [31].

One could expect that different microbial cells have different cell surface
properties with different chemical groups exposed to the outer medium. Ex-
ploiting these differences allows for the separation of specific cells from the
mixed population.

Two model systems have been studied: the mixtures of wild-type E. coli
and recombinant E. coli cells displaying poly-His peptides (His-tagged E. coli)
and of wild-type E. coli and Bacillus halodurans cells. Wild-type E. coli and
His-tagged E. coli were quantitatively captured from the feedstock contain-

Fig.6 Chromatography profiles of wild-type E. coli and B. halodurans cells (A) and of »
their mixture (B) on Cu(II)-IDA cryogel column (4.5 x 1.2 cm L.D.). Experimental con-
ditions: cell suspensions (1 ml with ODyso of 0.5-0.6) were passed separately (A) or as

a mixture (B) (2 ml with ODyso of 1.0-1.2) through the column equilibrated with 20 mM
HEPES, 200 mM NaCl pH 7.0 (running buffer) at a flow rate of 1 ml/min. Bound cells
were eluted with 0.0-0.05 M imidazole gradient (200 ml) in the running buffer. C Content
of wild-type E. coli and B. halodurans cells in the nonretained and retained peaks. Total
amount of cells in the peak was taken as 100%. Reproduced from [32]
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ing equal amounts of both cell types and recovered by selective elution with
imidazole and EDTA, with the yields of 80 and 77%, respectively. The peak
obtained after EDTA elution was 8-fold enriched with His-tagged E. coli
cells as compared with the peak from imidazole elution, which contained
mainly weakly bound wild-type E. coli cells. Haloalkalophilic Bacillus halo-
durans cells had low affinity to the Cu(II)-IDA cryogel column and were
efficiently separated from a mixture with wild-type E. coli cells, which were
retained and efficiently recovered from the column with a imidazole gradi-
ent (Fig. 6). All the cells maintained their viability after the chromatographic
procedure [32].

Cryogel monoliths in the format of 96 drainage-protected mini-columns
proved to be very useful for a parallel assay of particulate-containing sam-
ples (Fig. 7) [26,27]. In order to make parallel chromatography possible the
plate with open-ended wells with drop-forming units at the bottom of each
well was used. Studies on the binding of wild-type E. coli cells, recombinant
E. coli cells with poly-His peptide displayed on the cell surface, and B. halo-
durans cells to Me(II)-IDA ligands (where Me(II) is Cu(II), Ni(II) or Zn(II))
and phenyl-cryogel monoliths in a 96-mini-column plate format revealed
that both E. coli strains but not B. halodurans cells had affinity for immobi-
lized metal ions in the following order: Cu(II) > Ni(II) > Zn(II), and wild-
type E. coli cells had the most hydrophobic surface among the other strains
studied. In contrast to recombinant E. coli cells, affinity of the wild-type cells

LS U B nm\ 1\}“\'{‘“\\\\ N
u B =

Fig.7 Photo of the phenyl-cryogel microplate aligned on top of a 96-well clear plate and
phenyl-cryogel monoliths (7.1 x 6.3 mm) removed from the phenyl-cryogel microplate.
Reproduced from [35]
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to immobilized metal ions significantly decreased with the prolonged fermen-
tation time. Strongly bound cells were detached from the affinity adsorbent
by mechanical compression of the cryogel monoliths. The developed screen-
ing procedure can be used for selecting ligands and optimal conditions for
isolation of cells of interest from clinical and food samples [27]. The fea-
sibility of this approach was demonstrated in the model system in which
a 96-mini-column plate filled with cryogel monoliths (18.8 mm x 7.1 mm i.d.)
with immobilized concanavalinA (ConA) was used for screening for suit-
able conditions for separating yeast and E. coli cells using a ConA-cryogel
column (composed of six cryogel monoliths 18.8 mm x 7.1 mm stacked on
top of each other) [29]. An optimization was carried out regarding the du-
ration of cell contact with the affinity adsorbent and the load of yeast cells
on the adsorbent in order to ensure quantitative capture of this type of cells
during chromatographic separation. A nearly base-line chromatographic sep-
aration was achieved under optimized conditions (Fig. 8; Table 1). For the
recovery of bound yeast cells a novel approach of cell detachment by mechan-
ical compression of the elastic adsorbent was used. The flowthrough fraction
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Fig.8 Chromatogram of a mixture of E. coli and yeast cells on a ConA-cryogel monolithic
column (112.8 mm x 7.1 mm diameter). Reproduced from [26]

Table 1 Content of E. coli and S. cerevisiae cells in the flowthrough and eluted peaks

Cell type Cell content (%)
in flowthrough in eluate in eluate
(peak ') (peak II1') (peak IV?)
E. coli 100 11 5
S. cerevisiae 0 89 95

Total number of cells of both types in the peak was assumed to be 100%.
! The chromatogram is presented in Fig. 8
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contained E. coli cells with nearly 100% purity, whereas the fraction eluted
by compression of the adsorbent contained yeast cells with 95% purity. Cell
detachment by elastic deformation will be discussed in details in the next
section.

Cryogel monoliths stay filled with the liquid due to the capillary forces
inside the pores. This phenomenon combined with bulk diffusion condi-
tions inside the large pores, allow cell metabolism and enzymatic reactions
to proceed in the monoliths with bound cells. This, in turn, allows for direct
biochemical and microbiological assays of the bound cells, as was demon-
strated by the example of two model systems, recombinant E. coli cells bound
to Cu(II)-IDA monoliths and yeast cells bound to ConA monoliths [27]. The
former model was analyzed using tetrazolium salt XTT which is reduced to
colored formazan dye in the electron transport system in respiring cells, while
the latter was assayed by monitoring pH changes of the medium, occurring
due to production of protons during cell metabolism. In both models bound
cells were viable and maintained ability to metabolize nutrients. In the stud-
ies of integrated capture/purification of proteins from crude homogenates
the possibility of measuring enzymatic activity [26] and fluorescence [33]
of proteins bound to cryogel monoliths was demonstrated. The accumu-
lated data indicate that it should be possible to carry out essentially any of
the viability assays (e.g. assays based on fluorescent dyes, immunoassays or
bioluminescence analysis of ATP) of cells bound to cryogel monoliths in a 96-
mini-column plate format.

Apart of microbial cells, other bioparticles, like inclusion bodies, mito-
chondria and viruses were specifically captured using monolithic cryogel
columns. Inclusion bodies of a 33 kD protein containing 306 amino acids with
three sulfur bridges were captured on a protein A-cryogel monolithic col-
umn after labeling with polyclonal antibodies against 15 and 17 amino acid
residues at the N and C-terminal ends of the protein, respectively [34]. Al-
ternatively, inclusion bodies were captured using phenyl-cryogel monolithic
columns in 96 well-format. A novel ELISA system has been developed for the
direct (no solubilization of the inclusion bodies needed) analysis of cryogel-
captured inclusion bodies [35].

Mitochondria were captured on Cu(II)-IDA-cryogel monoliths and non-
specifically released proteins were washed away allowing identification of 68
proteins released specifically upon calcium stimulation, using LC-MS/MS and
database searches [36].

Chemically biotinylated moloney murine leukaemia viruses were captured
on streptavidin derivatized monolithic cryogel columns from particulate-
containing cell culture supernatant without preclarification of the feedstock.
Adsorption capacities of 2 x 10° cfu/ml of adsorbent were demonstrated (for
comparison, Fractogel streptavidin provides the capacity of 3.9 x 10° cfu/ml
of adsorbent). The specific titre of the fraction recovered by the elution with
0.6 mM d-biotin was increased by 425-fold. However, recoveries of less than
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8% were achieved. Adsorption of nonbiotinylated viruses on the streptavidin-
cryogel monolithic columns was not observed [37].

4
Detachment of Bound Particles by Elastic Deformation

Adsorption of bioparticles, especially as big as microbial cells, to affinity sur-
faces involves polyvalent interactions complicating greatly the recovery of the
adsorbed material. Different strategies have been tested in an attempt to over-
come the problem of strong multipoint attachment of cells to affinity surfaces.
For example, in a membrane-based chromatographic system bound B-cells
were released by transmembrane diffusion of hydrochloric acid (pH 1) into
a flow of neutralizing normal saline [38]. In approaches that do not require
such drastic elution conditions cell detachment was achieved by the use of
ligands immobilized through cleavable bonds [39], the passage of air-liquid
interfaces [40] or by using flow-induced shear forces [41]. The latter leads to
a pronounced dilution of the preparation of eluted cells and also involves the
risk of cell damage.

A unique property of cryogels, namely their elasticity, has been exploited
for the development of a novel system for the efficient binding and release of
different cells and particles [42]. Affinity-bound bioparticles as well as syn-
thetic particles are detached from cryogels, when the latter undergoes an
elastic deformation (Fig. 9).

Intuitively, it was obvious that the matrix deformation would have no effect
on the release of affinity bound macromolecules, even when these macro-
molecules have more than one binding site like recombinant Hise-tagged
tetrameric lactate dehydrogenase from Bacillus stearothermophilus. Indeed,
the cryogel deformation had no effect on the release of lactate dehydroge-
nase bound to Cu(II)-IDA-carrying cryogel either in the absence or in the
presence of a specific eluent. Most probably, lactate dehydrogenase despite
having a few binding sites binds to a single Cu(II)-IDA ligand as the prob-
ability of location of two or more Cu(II)-IDA ligands in the position which
fits exactly the location of two binding sites on the enzyme molecule is very
small.

The situation is changed completely when studying larger particles
with multiple binding sites at the surface. Here the probability of multi-
point attachment increases dramatically. As a model of such a particle,
we have used a microgel of cross-linked poly(N-isopropyl acrylamide-co-
N-vinylimidazole). The size of spherical microgel particles is 350-400 nm,
which is somewhat larger, than the size of most virus particles, but smaller
than the size of bacterial cells. Because of the imidazole groups of vinyl im-
idazole co-monomer, the microgel particles are capable of interacting with
Cu(II)-IDA ligands.
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Fig.9 Conceptual presentation of the procedure used for the release of captured par-
ticles by mechanical compression (squeezing) of monolithic affinity cryogel (A) and of
the mechanism of detachment of captured particles induced by the squeezing (B). Repro-
duced from [42]

No bound microgel particles were eluted with running buffer or with spe-
cific eluents, imidazole (up to 0.3 M) or EDTA (up to 50 mM). However, when
cryogel with bound microgel particles was compressed in the presence of ei-
ther eluent, up to 60% of microgel particles was released from the cryogel.
As the pulse of the eluent at 20-fold higher flow rate did not succeed in re-
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leasing more than 12% of captured microgel particles, one could assume that
the primary reason for the release of bound particles is the elastic defor-
mation of cryogel, rather than a flow generated in the pores during the MH
compression.

With a size of microgel particle in the micrometer range, one could as-
sume that multisite interactions take place between the microgel particle
and the ligands at the surface of the cryogel pore. According to theoretical
studies, it is unlikely that reasonable concentrations of a soluble monovalent
competitor (specific eluent) can displace the binding equilibrium when the
number of interactions is more than 10 [43]. For bioparticles under typical
chromatographic conditions (10'°-10!2 of ligands and receptors per cm? and
1071°-10" cm? of contact area) the number of specific binding interactions
can be between 1 and 10000 [40]. Thus, in order to detach the bioparticle
from the matrix an external force affecting the entire bioparticle is required
to simultaneously disrupt multiple bonds [44]. Alternatively, the matrix could
be affected by an external force to promote the detachment of bound biopar-
ticles. An elastic deformation of the matrix could be such a force resulting in
changing the distances between the ligands at the interface and hence the de-
velopment of stresses on the bound particle. As the result of these stresses,
the efficiency of the interaction is reduced and some of the bonds are bro-
ken down. The presence of the specific eluent prevents the re-formation of
broken bonds. As a result of these events, breakage of the existing bonds and
impossibility to form new ones, the particle is released from the matrix. It
was previously demonstrated by scanning electron microscopy studies that
cells captured by affinity cryogels are bound to the plain “flat” parts of the
pore walls and are not entrapped in “dead flow” zones [31]. The possible rea-
sons for the disruption of affinity bonds can be the deformation of the plain
surface (Fig.9). Thus, the main driving force for the compression-induced
detachment of bound particles from the surface is probably the physical dis-
lodging of cells by microscopic deformation of the surface carrying affinity
ligands and the removal of dislodged particles by the flow of squeezed out
liquid. The presence of specific eluent promotes the detachment by decreas-
ing the equilibrium number of bonds and preventing re-attachment of free
particles on their way down the column.

The elasticity of cryogels affects the efficiency of the release of bound
particles by compression. “Dense” (6% w/v total co-monomer concentra-
tion) cryogel has thicker walls as compared with “soft” cryogel (5%) and
hence a higher elastic module (0.065 MPa) as compared to the “soft” one
(0.016 MPa) [42]. The 4-fold difference in elasticity had no effect on the ef-
ficiency of the release of bound microgels and inclusion bodies. However,
the release of larger particles like E. coli cells and especially yeast cells was
highly dependent on the cryogel elasticity (Fig. 10). The more elastic the
cryogel, the more efficient is the detachment of microbial cells upon the
deformation.
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Fig. 10 Release of bound yeast cells by conventional elution and by compression of 5%
(A) and 6% (B) ConA-Cryogel monoliths equilibrated with different concentrations of the
eluent. The amount of bound cells was assumed to be 100%. Reproduced from [42]

It should be noticed that contrary to microgels and inclusion bodies, mi-
crobial cells are living species permanently changing their colloidal proper-
ties in response to environmental changes. For example, an incubation of
yeast cells within ConA-cryogel was required for efficient capture of cells
whereas the amount of captured microgel particles bound to Cu(II)-IDA-
cryogel was independent of the time of contact between the applied particles
and the adsorbent.

The generic nature of compression-induced detachment was demonstrated
for a variety of bioparticles of different sizes like microgels (0.4 pm), inclu-
sion bodies (around 1 pum), E. coli cells (1-3 um), yeast cells (8 pm) and
for different ligand-receptor pairs (IgG-protein A, sugar-ConA, metal ion-
chelating ligand) [42, 45].

Apart from compression using external mechanical force, cryogels can
shrink in response to the changes in the environment, provided the cryo-
gel is made from a stimuli responsive polymer. Poly(N-isopropylacrylamide)
(pNIPA) cryogels shrink and swell in response to temperature changes. The
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Fig.11 Conventional elution with 0.3 M «-D-manno-pyranoside in the running buffer
(0.1 M Tris-HCl with 150mM NaCl, 5mM CaCl,, and 5mM MgCl,, pH 7.4) and
temperature-induced detachment of yeast cells bound to ConA-pNIPA-macroporous hy-
drogels, produced from polymerization feed with total monomer concentrations 6%
and MBAAm(cross-linker)/NIPA ratios 1/10 and 1/100 mol/mol, respectively. Reproduced
from [45]

temperature and the amplitude of the transition depend on the cross-linking
density of the gel and the total concentration of co-monomers in the polymer-
ization feed [46].

The mechanical deformation of the pNIPA-cryogels, originated due
to temperature-induced shrinkage, happened to be sufficient to facilitate
the release of bound bioparticles, namely yeast cells captured via con-
canavalinA (ConA) covalently coupled to the pNIPA-cryogel (Fig. 11). Not
surprisingly, the higher release of captured cells was observed for the pNIPA-
cryogel with lower cross-linking density as the amplitude of changes was
higher for this cryogel and hence one could expect higher elastic deformation
of pore walls inside the cryogel monolith and as a result a stronger effect on
the bound yeast cells [45].

5
Chromatography of Mammalian Cells

As chromatography on affinity supermacroporous monolithic columns
proved to be a promising approach to efficient separations of individual mi-
crobial cell types, the concept was extended to the separation of specific types
of mammalian cells, namely T- and B-lymphocytes.

The increasing diagnostic uses of human peripheral blood require effi-
cient blood cell separation methods that can be used routinely to isolate
different types of cells. Fractionating lymphocytes is of great importance be-
cause of the increased need for specific lymphocyte transfusion and also
if one wishes to describe the roles of lymphocyte subpopulations in im-
munological processes. For example, T-cell enrichment techniques are vital
in determining the rate of HIV progression and transplant rejection [47].
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The methods available for obtaining whole populations of lymphocytes are
rather straightforward, and make use of centrifugation on density gradient
media, Ficoll [48]. However, to fractionate the lymphocytes into subpopula-
tions more intrinsic techniques are required. Fractionation techniques which
take advantage of physical differences between lymphocyte populations in-
clude density gradient centrifugation [49] and electrophoresis [50]. Other
techniques, such as rosetting with sheep or monkey red blood cells [51],
and fractionation on glass or nylon wool [52], have also been described.
Most of these techniques, however, have the major disadvantage of lack of
selectivity. More selective lymphocyte separation techniques such as im-
munomagnetic separation [53], flow cytometry [54], and immunoaffinity
chromatography [55] are becoming increasingly popular and are being rou-
tinely used. Magnetic separation and flow cytometry, although representing
the most powerful tools for lymphocyte cell separation, are limited to analyt-
ical applications [56].

Antibodies are highly suitable as ligands for cell separation owing to their
great diversity and specificity. Separation methods for isolation of particu-
lar cell populations generally use antibodies against differentially expressed
cell-surface molecules as targets. Antibodies are attached to chromatogra-
phy columns and used to bind a cell that possesses an antigen recognized
by the specific antibody. Distribution of cell populations in biological sam-
ples is commonly heterogeneous and most often particular cell types of
interest are present in small numbers together with other major subsets.
For instance, among others, the important minor cell populations include
stem cells in haematological samples [57], fetal cells in maternal blood [58],
residual leukemic/tumor cells from patients in clinical and morphological
remission [59] or antigen-specific lymphocytes [60]. Isolation of these cell
subsets in sufficient numbers with high purity and viability is commonly re-
quired in medical applications.

Because of its low cost and simple operation, cell affinity chromatogra-
phy could be an attractive choice for preparative scale separation [62]. As
was mentioned before, cell affinity chromatography relies on the interaction
of cell surface-bound molecules and their complementary ligands (mono-
clonal antibodies or lectins). However, cell chromatography is different from
traditional protein chromatography and entails great difficulties. As separa-
tion objects, cells are relatively large and are rather fragile and sensitive to
shear stress. Their diffusivity is negligible and only convective transport can
be used. Moreover, because of the multipoint attachment of the cells to the
ligands on the adsorption matrix, their recovery in viable form poses some
problems. Thus, for cell affinity chromatography the main requirement is
the design of a suitable matrix which can be used successfully for the cell
separation by addressing the above challenges. One way to circumvent low
diffusivity of cells is to use expanded bed chromatography in which the sta-
tionary phase is in a form of a fluidized semi-stationary bed [14, 62, 63].
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Immuno-affinity expanded bed adsorption was applied for isolation of mono-
cytes from human peripheral blood [63]. The presence of specific receptors
on the surface of the monocytes has been exploited for cell separation based
on the formation of an avidin-biotin complex between biotinylated mAb-
labelled cells and an avidin perfluorocarbon affinity media. The drawback of
the method is that only the surface of the beads is available for cell binding
and high shear rates in the expanded bed column could be detrimental for
cell viability. Besides, this technique does not overcome the problem of re-
covering cells bound to the affinity surface. In the published protocol of the
monocyte isolation, the detachment of bound cells was achieved by removing
the adsorbent from the column and agitating slurry in order to elute bound
cells using mechanical shear, the procedure resulting in reduced viability of
the cells [63].

As a promising solution to these problems, a cryogel affinity adsorbent
has been developed based on the interaction of immobilized protein A with
cells bearing IgG antibodies on the surface. After treating lymphocytes with
goat anti-human IgG(H + L), the IgG-positive B-lymphocytes were bound to
cryogel matrix with covalently attached protein A through the Fc region of
antibodies. Nonbound T-lymphocytes passed through the column (Fig. 12).
More than 90% of the B-lymphocytes were retained in the column while the
cells in the breakthrough fraction were enriched in T-lymphocytes (81%)
(Fig. 13). The viability of the T-lymphocytes isolated was greater than 90%.
About 60-70% of the bound B-lymphocytes were recovered by the addition
of a displacer, human or dog IgG which competes for binding to protein A.
The recovered B-cells maintained their viability [64]. The technique can be
applied in general to cell separation systems provided IgG antibodies against
specific cell surface markers are available. A similar approach has been em-
ployed for capture (Fig. 14) and release of human acute myeloid leukaemia
KG-1 cells expressing the CD34 surface antigen [65]. The CD34 surface anti-
gen is recognized as an important marker for haematopoietic stem cells.
Thus, the system may be a good model for the separation of CD34+ cells from
bone marrow or peripheral blood.

The effect of matrix architecture and ligand coupling chemistry on affin-
ity binding of mammalian cells was shown by the capture of KG-1 cells on
polyvinyl alcohol (PVA)-cryogel beads (diameter 200-500 pum) and cryogel

i I - YEpn
3 ‘i“? 3% 0 34 S, o I 7
= o — 3 3 2 » —> = e
3 0 ] -8 = . = g ST - i
o o & -
Binding of antibody treated cells to Protein A-Cryogel Elution of cells using non-specific cheap antibodies

Fig.12 Schematic presentation of separation of T- and B-lymphocytes using cryogel ma-
trix with covalently bound protein A
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Fig.13 Composition of human peripheral blood lymphocytes before and after pas-
sage through the supermacroporous monolithic cryogel-protein A column. Lymphocytes
(1 ml, 3.0 x 107 cells/ml) were treated with goat anti-human IgG(H +L) and applied to
a 2 ml cryogel-protein A column. Flow cytometric analysis (A). Column performance (B).
The scatter gates were set on the lymphocyte fraction. The cells bound on the column
were released with 2 ml of dog IgG (30 mg/ml). Reproduced from [64]
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Fig.14 Scanning electron micrograph of the bound CD34* human acute myeloid
leukemia cells (KG-1) in the inner part of supermacroporous protein A-cryogel mono-
lithic matrix. The cells are affinity bound on the surface of the bead and on the pore walls
of the monolith through the interaction of protein A and the anti-CD34 antibodies labeled
on the cell surface. Magnification x750. Reproduced from [65]

monolith with affinity ligands covalently coupled either directly to the reac-
tive groups of the adsorbent or via a spacer [65]. About 95% of anti-CD34
labelled cells were bound to the protein A-cryogel monoliths while, only
around 76% of the cell binding was achieved in the case of protein A-cryogel
beads (Table 2). Surface architecture may be an important aspect, since in
the monolith column the pores will form the concave surface, which presum-
ably helps in multivalent interactions as compared with the convex surface
of beads. It is important to note that, a spacer arm of seven carbon atoms
was needed to improve the selective cell binding to affinity cryogel monolith
while, introduction of a spacer between the ligand and the bead surface had
no effect on the cell binding.

Affinity binding was lower (50%) when nonlabelled cells were applied on
the cryogel beads with immobilized anti-CD34 antibodies (Table 2) probably
due to the poor orientation and partial inactivation of the antibody molecules
when coupled directly to the matrix. One of the most common methods of
optimization of orientation of antibody molecules is by their immobiliza-
tion at the Fc region through the use of protein A. This technique leaves the
variable heavy and light chain regions (Fab) of immobilized antibodies avail-
able for binding to antigen epitopes [66-68]. The efficiency of cell binding to
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Table 2 Specific cell capture of CD34* human acute myeloid leukemia KG-1 cells

Affinity adsorbent

Cryogel monolith (control)
Protein A-cryogel monolith
Protein A-cryogel monolith

CryoPVA beads (control)
Protein A-cryogel beads

AntiCD34-cryogel beads
AntiCD34-protein A-cryogel
beads (coupling through
protein A)

Cell number: 1 x 107 cells/ml adsorbent

Mode of cell loading

Cells added directly
Cells added directly
Cells added after
labelling with anti-CD34
monoclonal antibodies
Cells added directly
Cells added after
labelling with anti-CD34
monoclonal antibodies
Cells added directly
Cells added directly

Ligand density ~Binding (%)

(mg/ml

adsorbent)

0 <10
0.25 <10
0.25 95
0 <10
0.36 76
1.23 50
0.4 66

affinity cryogel beads was improved (66%) when anti-CD34 antibodies were
indirectly immobilized through protein A.

Mammalian cells specifically bound to affinity cryogel monoliths can be
recovered by mechanical compression of the adsorbent. The efficiency of de-

Table 3 Recovery of antibody-labelled CD34 human acute myeloid leukaemia (KG-1) cells
from protein A-Cryogel monoliths and protein A-PVA beads

Protein A-PVA beads
Recovery  Viability
(~%)

(%)

Elution with
IgG

Elution with -
squeezing
Elution with
IgG + squeezing
Elution with 60
vortexing

Elution with 80
vortexing + IgG

60

70

Viable
cells re-
covered
(%)

36

56

Protein A-Cryogel monoliths
Recovery Viability —Viable

(%) (~%) cells
(%)
40 90 36
75 85 64
85 80 68
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tachment and retained viability of cells eluted by compression was compared
with that of cells detached by shear force, i.e. when vortexing the beads with
bound cells. Compression of cryogel monoliths significantly increased the re-
covery of cells (Table 3). Moreover, both the efficiency of cell detachment by
compression and the viability of the detached cells were significantly higher
than when vortexing beads with cells bound to the bead surface [42].

6
Conclusion and Outlook

Macroporous hydrogels produced in the semi-frozen reaction media with ice
crystals performing as a porogen, so-called cryogels, have a unique combina-
tion of properties, namely, interconnected pores of 10-100 um size, porosity
exceeding 90%, reasonably high mechanical and chemical stability, elastic-
ity, drying and re-hydration without impairing pore structure, and retention
of large amounts of liquid in the cryogel due to capillary forces. The cryo-
gels were demonstrated to provide an efficient platform for chromatographic
separation of bioparticles like inclusion bodies, mitochondria, viruses, micro-
bial and mammalian cells, based on specific adsorption of the bioparticles.
Elasticity of cryogels allows for high recovery of bound cells via elastic defor-
mation of the cryogel under mild conditions thus ensuring retained viability
of the cells.
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Abstract The developing fields of cell and tissue engineering will require cost-effective
technologies for delivery of cells to patients. Hollow-fibre affinity cell separation is a mon-
oclonal antibody-based cell separation process whereby monoclonal antibody (ligand) is
immobilised onto a stationary substrate, the luminal surface of a parallel array of hol-
low fibres. Deposited cells are fractionated on the basis of adhesion strength using hollow
fibre geometry that generates a well-defined shear stress for cell recovery. In this chapter
we present the biophysical basis for the process of ligand-mediated cell adhesion and re-
late this to the performance of affinity cell separation. We also discuss the hydrodynamics
of hollow fibre arrays and the various approaches for modifying polymer substrates with
protein ligands. One of the major limiting factors for large-scale epitope selective cell sep-
aration will be the prohibitive cost of these affinity processes. Hollow fibre systems offer
the promise of providing flexibility and scalability for many of these applications.

Keywords Cell adhesion - Cell separation - Chimeric proteins - Hollow fibres

Abbreviations

CBD Cellulose binding domain
SEM Standard error of the mean
moAb Monoclonal antibody
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Dimensional quantities

a Sphere radius

C Number of receptor-ligand complexes

Eneg  Number of epitope negative cells after selection
Epos  Number of epitope positive cells after selection
f8 Force per bond

Fr- Total bond force (fzC)

ks Boltzmann constant

ky Fibre bundle permeability

ke Hydraulic permeability

k(f) Forward rate constant (unstressed)
ke Reverse rate constant

k? Reverse rate constant (unstressed)
k. Shear stress coupling coefficient

L Fibre length

A Range of interaction

m Fluid viscosity

N Receptor-ligand bond number (random variable)
Ni, Number of ligand molecules

Nneg  Number of epitope negative cells before selection
Npos  Number of epitope positive cells before selection
v Kinematic viscosity

Py Axial pressure drop along fibre

P Probability of cells remaining attached

Q Flow rate
r Tube radius
Ry Header outlet radius
R¢ Fibre inner radius
R; Header inlet radius
Rt Total number of receptor molecules
P Fluid density
T Temperature
ta Surface contact time
Twall  Fluid shear stress at wall
u Mean axial velocity
U Inlet mean axial velocity
up, Mean axial flow at the upstream face of the bundle
ui Mean fluid velocity at header inlet
y Axial position
Non-dimensional quantities
o Receptor free energy ( kki}; )
BTRT
ac Critical total bond energy
B Receptor complex free energy (AFr/ksTC)
€ Enrichment factor
K Reverse rate constant (unstressed) ( k;‘i)
M Hydraulic permeability '
0 Number of receptor-ligand complexes ( RCT>

Oc Critical number of receptor-ligand complexes
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b Axial pressure drop along fibre

kpos ~ Reverse rate constant of epitope positive cells
kneg  Reverse rate constant of epitope negative cells
Re Reynolds number

T Detachment time (kINLt4)

U Mean axial velocity (u/u;)

Y Axial position

Y, Fibre length

1
Introduction

Novel cell-based therapies have evolved out of an understanding of the rela-
tionship between cell phenotype and function. Scaling from the laboratory
bench to the clinic requires cost-effective cell separation techniques (> 10'°
cells) that are selective for cell phenotype. Monoclonal antibody-based cell se-
lection techniques have played an enabling role in the refinement of blood
stem cell transplantation and the developing fields of cellular immunother-
apy, tissue engineering and regenerative medicine [1].

Hollow fibre affinity cell separation is a monoclonal antibody-based cell
separation process whereby monoclonal antibody (ligand) is immobilised
onto a stationary substrate, the intra-capillary surface of a parallel array of
hollow fibres [2-6]. Hollow fibre modules can be designed so that flow is dis-
tributed equally between hollow fibres within the array, with fully developed
Poiseuille flow, so that cells are subjected to uniform fluid shear stress at the
luminal attachment interface. Deposited cells can then be fractionated on the
basis of adhesion strength using a geometry that generates a well-defined
shear stress for cell recovery.

This chapter will examine the biophysical principles that govern this type
of cell separation and how the hollow fibre concept has been implemented in
practice.

2
Physical Models of Ligand-Mediated Cell Adhesion

Cell capture by the hollow fibre substrate is related to the number of receptor-
ligand bonds that are formed. This process is referred to as ligand-mediated
cell adhesion. One of the first attempts to model this process was by Bell [7].
The reverse rate constant was related to bond stress, the range of interaction
and temperature using the following equation:

A

ke = K0 exp kBBT, (1)
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where k? is the unstressed reverse rate constant, A the range of interaction of
the bond, fg the force per bond, kg the Boltzmann constant and T the tem-
perature. If a bond is stressed by application of a detachment force, then the
expression Afg is the reversible work done on the bond and the increase in
free energy of the receptor-ligand complex. The numbers of bonds that have
enough thermal energy for dissociation follow the Maxwell-Boltzmann dis-
tribution.

Hammer and Lauffenburger [8] developed a dynamic model of this pro-
cess. It was assumed that for attachment the bonds are unstressed:

ac_ KNp, (Rr - C) - KIC, ()

dt,
where C is the number of receptor-ligand complexes, f, unstressed surface
contact time (attachment), k? forward rate constant (unstressed), k? reverse
rate constant (unstressed), Rt total number of receptor molecules and Ny,
number of ligand molecules. It was assumed that the number of recep-
tor molecules was small in comparison to the number of ligand molecules
(N, > Ry).

The process of detachment by stressing bonds incorporates Bell’s expres-
sion for the reverse rate constant:

dc AFr
=k9N; (Ry - C) - K°C , 3
G = kN (R - 0) - Reesp | 1T ] )

where Fr = fgC.

At steady state ((‘;g = 0) the rate of bond formation is balanced by the

dissociation rate:

( C ) K° [ AFr ] C
0=(1- - exp . (4)
Rt k?NL kgTC | Rt
The numbers of bonds that form (C) depend on the applied bond force (Fr).
If Fr is greater than a critical detachment force, then Eq. 4 which is a convex
function (Fig. 1), will have no roots, gti is negative, and all bonds will dis-
sociate. Below the critical detachment force, there will be two roots. A stable
equilibrium will form with the bond number equal to the upper root if the
initial bond number is greater than the lower root. If the initial bond num-
ber is less than the lower root, gtcd is negative, and all bonds will dissociate.
This model predicts that cell adhesion should be an all-or-none phenomenon,
depending on the detachment force.
Referring to Fig. 1, the critical force and bond number for cell detachment
is found at the stationary point. Transforming Eq. 4 using non-dimensional

quantities:

C . K° AFr
6= , T=KkNpty, «= .° and o= ) 5
Ry £ KON, ks TRt ©)
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Fig.1 Influence of detachment force on bond number (Hammer and Lauffenburger [8])
at steady state. Definition of critical detachment force

2
The stationary point is found by solving g‘% =0 and B%ge = 0 with respect to
the bond number (non-dimensional):

206 o
8T=(1—9)—K96xp(9)=0 6)

%0 <a - 9) a
W =K exp ( ) -1=0.
9100 0 0
Thus the critical detachment forces is related to the critical bond number by
the following relation:

Q¢

_1+otc’

Oc 7)
where the subscript ¢ denotes critical values for the detachment force and
bond number.

The cell detachment is an “all-or-none” model and does not account for
the stochastic nature of fracture kinetics. Cells detach over a range of applied
shear stresses [9]. Heterogeneity in cell detachment kinetics is likely related
to variation in the applied forces, which depend on the shape of the cell and
the method of applying a detachment force. The drag and torque applied to
a sphere in contact with a plane wall in a slow uniform shear field (Re < 1) are
directly related to the cube and square of the sphere radius, respectively [10].
So biological variation in cell shape and radius will result in even larger vari-
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ations in the detachment force resulting from application of fluid shear stress.
Receptor number will also vary from cell to cell, and this will be reflected by
a random distribution of critical detachment forces.

Cozen-Roberts proposed a probabilistic model of cell adhesion, where
stochasticity was predicted purely on the basis of small numbers of receptor-
ligand bonds (< 10000). McQuarrie has calculated the statistical fluctuations
that result from reaction between small numbers of molecules using a Markov
chain model [11]. Cozen-Roberts and co-workers have adopted this kinetic
model to describe the stochastic nature of cell detachment phenomena [12,
13].

3
Relating Biophysical Models to Affinity Cell Separation Performance

Cell affinity techniques that utilise ligand-mediated cell adhesion rely on
solid-phase immobilisation of a cell capture antibody that recognises cellular
epitopes. In a cell separation process the yield of epitope positive cells will de-
pend on the capture and release of epitope positive cells. Additionally purity
is influenced by the relative abundance of epitope positive cells in the pre-
separation cellular mixture and contamination of the enriched population by
epitope negative cells.

Physical models of ligand-mediated cell adhesion and detachment help ex-
plain how these performance parameters are related to the physical properties
of the solid phase and hydrodynamic forces.

Fluid flow will transmit viscous forces to deposited cells stressing the at-
tachment interface. Viscous torque and drag are approximated for perfect
spheres in contact with a plane wall by the following expression for low
Reynolds number flow (< 1) in a linear shear field:

drag =1.7 x 67 Tyyap) 4 (8)
torque = 0.94 x 87rrwaua3 ,
where a is the sphere radius and 7, is the fluid shear stress at the solid

phase [10].
The relationship between the average number of receptor-ligand bonds

and detachment forces (see Eq. 3) at steady state (éiti = 0) is expressed using
dimensionless variables:

0=1-6-«bexp[B], (9)

where 6 is the proportion of cell receptors that are bound with ligand (C/Rr),
k is the dimensionless unstressed reverse rate constant (k? /NLk?), and B is
the dimensionless receptor complex bond energy (AFr/k,TC). The steady
state equation (Eq. 9) is coupled to hydrodynamic forces by assuming that
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bond stress is linearly proportional to fluid shear stress (see Eq. 8):

B =keTyan » (10)

where k; is the proportionality constant.

The inherent stochastic behaviour of cell detachment processes can be re-
lated to random fluctuations in the small number of bonds that are stressed
during cell detachment and variation in bond stress from cell to cell. The
model of Hammer and co-workers is deterministic, predicting that all cells
will detach above a critical bond stress [8]. Experimentally it is observed
that cells and epitope-coated spheres detach over a range of shear stress [9,
13]. Therefore Cozen-Roberts modified this all-or-none model using Markov
chain reaction kinetics [12]. We have adopted a simpler approach that as-
sumes that the number of bonds is a Poisson random variable:

e—Ccn

P[N=n]= !

; (11)

where N, the number of bonds, is a Poisson random variable with mean equal
to C.

By definition, a cell detaches when there are no bonds. So the probability
of cells remaining attached when shear stress is applied is:

P"(zyan) =1 - P[N = 0] =1 - exp[- C] (12)

1 - Rr
=1-ex .
P11+ explie

Figure 2 shows plots of the relationship between wall shear stress and the per-
centage of bound cells for a range of receptor-ligand affinities. The model
predicts that cells detach over a range of shear stresses and that the non-
dimensional unstressed reverse rate coefficient («) is inversely related to the
percent of cells that remain bound.

A flow cell was developed to physically characterise ligand-mediated cell
adhesion inside single isolated hollow fibres [14]. A cellulose hollow fibre (ex-
ternal diameter 200 jum, wall thickness 7 um), was mounted at the bottom of
a 35-mm polystyrene tissue culture dish with inlet and outlet ports for filling
the lumen of the hollow fibre with cells and buffer. Cells depositing inside the
hollow fibre were visualised by light microscopy. The hollow-fibre module was
mounted on an inverted microscope equipped with CCD camera and image
analysis software. The module was connected to a simple flow system consist-
ing of a syringe pump to control flow rate and a syringe for injecting cells into
the hollow fibre.

The inner surface of the hollow fibre was modified by physical adsorption
of protein, which is a chimera of protein A and a cellulose binding domain
(ProtA-CBD). This adaptor molecule links domains for binding cellulose and
the antibody Fc region. Cells labelled with monoclonal antibody would bind
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Fig.2 Percent of cells that remain bound when shear stress is applied. The non-
dimensional unstressed reverse rate coefficient («) is inversely related to percent bound.
The simulation uses Ry = 20 bonds and k, = 0.2 cm?/dynes

to the cellulose hollow fibre coated with ProtA-CBD. The direct interaction of
antibody with cell surface receptors was studied by immobilising monoclonal
antibody onto a hollow fibre coated with ProtA-CBD.

Cell adhesion would be measured by injecting a cell suspension (5 x 10°
cells/mL) into the hollow fibre, resulting in the deposition of around 150 cells
per 2mm fibre segment. Flow was commenced following a period of depo-
sition with zero flow. Images were captured of the deposited cells and after
application of shear stress. The fraction of cells that remained bound at se-
lected flow rates was calculated from the ratio of cell counts before and after
application of shear stress.

The influence of cell deposition time and the surface density of ligand on
cell adhesion were investigated by measuring the relationship between the
fractions of cells that remained bound and the detachment shear stress. Fig-
ure 3a shows a plot of detachment shear stress and fraction of cells bound for
deposition times of 4 min (closed circles) and 8 min (open circles). The ery-
throleukaemic cell line, KG1a, was labelled with antibody against the CD34
antigen. The mouse Fc region of the mouse monoclonal antibody (isotype 2a)
displayed by KGla cells bound to fibres coated with ProtA-CBD. There was
stronger adhesion at 8 min compared to 4 min. Figure 3b shows cell-binding
data for two different immobilised ligand densities. Fibres coated with ProtA-
CBD were incubated with a 1:10 or 1:20 dilution of mouse moAb (mono-
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A. Influence of deposition time
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Fig.3 a Influence of cell deposition time on cell adhesion: Hollow fibres were incubated
overnight with ProtA-CBD (40 pg/mL). KGla cells labelled with anti-CD34 moAb were
injected into hollow fibres followed by 4 min (closed circles) or 8 min (open circles) of
deposition at zero flow. Each data point represents the average of two adhesion runs.
b Influence of ligand density on cell adhesion: ProtA-CBD coated fibres were incubated
with a 1:10 or 1:20 dilution of anti-CD34 moAb. Unlabelled KG1a cells bound directly to
the modified membrane. The horizontal axis is the recovery shear stress, and the vertical
axis is the proportion of cells that remained bound after application of shear stress. The
data was fitted to a two-parameter model of cell adhesion (Eq. 13) and the best-fit curves
are displayed as continuous lines. The dotted curves correspond to the three-parameter
model (Eq. 12), which includes an assumed cell receptor number term (Rt = 20). The best
fit parameters are shown in Table 1
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clonal antibody) against CD34 for 2 h before washing and attachment of KGla
cells. There was stronger adhesion when the surface was coated with the 1:10
dilution of mouse moAb.

Non-linear regression analysis (Sigmaplot, version 8.0, SPSS) was used to
fit the model (Eq. 12) to data. It was not possible to estimate Rt and « indi-
vidually because they were linearly correlated at the shear stress values that
were tested. This is not surprising since for Rt > 20 receptors Eq. 12 is approx-
imated by:

—- Ry
pon . 13
(Twall) €xp [1 + K exp [krfwall]] (13)
=1-exp |:1;RT +A eXP[krTwall]i|

-1
~l- ,
P [A explk; Twau]]

where A = k/Rt. So Rt and « are linearly related by the coefficient A.

The approximate model (Eq. 13) was fitted to the data to give estimates
for A and k; and is shown as continuous curves on Fig. 3. The two models
(Egs. 12 and 13) were in close agreement if it was assumed that Ry was
at least 20 receptors (dotted curves, Fig. 3). To estimate the value of Rr,
it would be necessary to measure the force required to break only a few
receptor-ligand bonds. Characterisation of the adhesive force of relatively few
receptor-ligand bonds (< 20) would require apparatus to measure detach-
ment at shear stresses less than 5 dynes/cm?.

Table 1 shows the fitted values for the two-parameter model (Eq.13).
A larger value of A could be related to a decrease in the unstressed reverse
rate constant (k) or an increase in the number of cell receptors (Rr) that are
recruited to the attachment site. The geometric and mechanical properties of
the cell and attachment site would influence the value of k., the proportional-
ity constant relating wall fluid shear stress to bond stress.

The estimated value of A is higher for shorter deposition times. The values
for A (mean & SE) were 0.261£0.040 versus 0.118 £0.027 at 4 and 8 min,
respectively. Longer deposition times may result in recruitment of cell re-
ceptors towards the attachment site, resulting in smaller A. Theoretically, the
dimensionless unstressed reverse rate constant « should not be influenced by
deposition time. The value of k; did not change significantly after 4 or 8 min
of contact with the membrane (0.06040.006 versus 0.052 = 0.005 cm?/dyne)
suggesting that the geometry of the attachment site did not vary from 4 to
8 min.

The ligand density on the membrane was altered by changing the concen-
tration of moAb in the binding reaction between immobilised ProtA-CBD and
soluble moAb. The weaker adhesion at lower ligand surface density was re-
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Table 1 Two-parameter model for ligand-mediated cell adhesion (see Fig. 3 and Eq. 13)

Immobilised Cell receptor Membrane A k.
ligand contact time
(min) (cm?/dyne)
ProtA-CBD Mouse Fc 4 0.2614+0.040 0.060 £ 0.006
8 0.118+0.027 0.052 4-0.005
1:10 moAb CD34 antigen 4 0.288 +0.092 0.088 +0.021
1:20 moAb 0.177 +0.072 0.19540.043

lated to a decrease in A (0.288 4-0.092, 0.177 +-0.072) and an increase in k;
(0.088+0.021, 0.19540.043). The enhanced adhesion at higher ligand density
may be related to recruitment of cell receptors to the attachment site, increas-
ing Rr, and to an increase in the attachment area, lowering k.. Thus it appears
that there is some dependence between the geometry of the attachment site
and the kinetics of ligand-receptor interactions.

A cell separation process is defined by assuming that the cell mix consists
of two sub-populations with different « values. Epitope positive cells («pos)
bind to the immobilised ligand, and negative cells (kneg) have non-specific
affinity for the substrate. Separation efficiency is related to the ratio of these
reverse rate constants.

In the cell depletion step, cells are deposited onto the substrate where cell
adhesion occurs. Adherent cells are fractionated from non-adherent cells by
applying fluid shear stress (washing). Epitope positive cells are depleted in the
recovered washings. In a second step, epitope positive cells are enriched by re-
covery of bound cells by fluid shear stress and releasing agents that disrupt
receptor-ligand bonds.

The cell enrichment factor (¢) is defined as:

Npos _ Epos

X &= , (14)
Nneg Eneg

where N and E refer to the number of cells before separation and in the
enriched fraction, respectively. The subscripts refer to epitope positive and
negative cells. If it is assumed that all cells that remain bound to the substrate
are recovered in the enriched fraction, then:

-Ry
P () 1P | 1 otk
Pxolrelg(fwall) 1- exp [ ~Rt ] ’

L+kneg explkr Tyanl

(15)

where P92 (Ty.n) and POL, (tyan) are the probability that epitope positive and

pos neg
negative cells remain bound after application of shear stress (see Eq. 11).
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Figure 4 shows that a plot of enrichment factor versus shear stress is a sig-
moidal function, the maximal enrichment equalling the ratio Kneg/kpos. Thus,
the enrichment factor will not exceed the relative affinity of the receptor-
ligand interaction for epitope positive and negative cells. Separation perform-
ance is limited by the selectivity of the affinity substrate.

Given an affinity substrate, the washing shear stress will directly influence
the enrichment purity and yield defined below. If all of the captured cells are
recovered during the enrichment step then the enrichment yield will equal the
probability of epitope positive cells remaining bound after the washing step:

_RT
Enrich t yield = P°" =1- . 16
richment yield = Fpou(Twa) =1 - €xp [1 + Kpos exp[kfrwalﬂ] (16

The numbers of positive and negative cells in the enriched population defines
the purity:

. . Epos
Enrichment purity = (17)
pos + Eneg
_ Npospggs(fwall)
Npospggs(fwall) + Nnegpggg(fwall)
1
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Fig.4 Enrichment factor versus shear stress used to wash substrate. Enrichment factor
is directly related to the shear stress and increases to a maximum value that is equal to
Kneg/Kpos- The simulation uses Rt = 20 receptors, k; = 0.2 cm?/ dynes and kpeg = 1000
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Fig.5 Optimisation of enrichment purity and yield by selection of washing shear stress.
Purity can be increased at the cost of yield. Each curve assumes a different ratio of
epitope positive to negative cells before separation (range 1:1000-4 : 125). The simula-
tion uses Ry = 20 bonds, k; = 0.2 cm? /dynes, Kneg = 1000, kpos = 1. Purity and yield are
determined by the washing shear stress, which is shown on the top axis

The expression for purity can be expressed in terms of the enrichment factor
(&, see Eq. 14) and the ratio of positive to negative cells before separation.

The dependency of purity and yield on washing shear stress is depicted
in Fig. 5. Purity has been plotted with respect to yield for an affinity sub-
strate (kneg = 1000, kpos = 1, RT = 20 bonds, k; = 0.2 cm?/ dynes). The family
of curves has members with different ratios of positive to negative cells before
separation (1:1000-4 : 125). There is an inverse relationship of yield to purity
that is sensitive to the washing shear stress (see top axis).

4
Uniform Shear Elution Affinity Cell Separation

A calibrated fluid shear stress can be generated by parallel plate or tube ge-

ometries. For tube geometry, wall shear stress for fully developed laminar
flow is:
4Qu

Twall = _ 5 > (18)
T

where Q is flow rate, u fluid viscosity and r the tube radius.
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Cell detachment forces are directly proportional to flow rate, and cells are
fractionated on the basis of their adhesion strength. Purity and yield are
sensitive to the fluid shear stress that is used to fractionate depleted from
enriched sub-populations. Therefore, a cell separation device that generates
uniform fluid shear stress at the attachment interface would improve separa-
tion performance.

5
Design of Hollow Fibre Modules

Initially we developed a small-scale parallel-plate system to study the influ-
ence of shear stress on separation performance [9], but larger surface areas
could be manufactured cost-effectively using the hollow fibre spinning tech-
nology developed for renal dialysis [3, 4].

A typical renal dialyser is a hollow fibre array housed within a polycar-
bonate shell with two independent flow paths (intra- and extra-capillary)
separated by a dialysis membrane. The intra-capillary surface area is approxi-
mately 1 m? with the theoretical possibility of binding up to 10'° cells/m?,
assuming that a single cell occupies a 10 um square.

Hollow fibre systems for affinity cell separation require the generation
of uniform surface fluid shear stress at the attachment interface, the intra-
capillary surface of fibres. Fibres are permeable to small molecules and water
(< 10kD), so it is possible that the pressure drop along the hollow fibre
bundle during flow could result in fluid leak across the membrane and a non-
uniform axial flow velocity. Another hydrodynamic factor that may lead to
non-uniformity in shear stress at the fibre inner wall would be a non-uniform
radial distribution of flow to the hollow fibre bundle [15].

Figure 6 shows a diagram of a hollow fibre module where the extra-
capillary compartment has been sealed (fixed volume). Flow along the inside
of hollow fibres generates a pressure gradient and there will be flow across
the membrane depending on the transmembrane pressure difference and the
membrane hydraulic permeability. At steady state, the extra-capillary space
will have a positive pressure, with fluid leaving fibres upstream and return-
ing into fibres downstream (back-filtration). So flow along the fibre decreases
towards the middle of the module.

The mean axial velocity is a function of axial distance:

U = cosh[MY] + Bsinh[MY], (19)

where U = u/u; is the non-dimensional axial mean velocity, u is the mean
axial velocity, and u; is the inlet mean axial velocity. The non-dimensional
axial position Y is defined as y/Rs where y is the axial position, and R is the
fibre inner radius. M is the non-dimensional fibre wall hydraulic permeability
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Fig.6 Hollow fibre module hydrodynamics. The upstream header distributes flow into
a bundle of semi-permeable hollow fibres. Flow along the inside of hollow fibres generates
a pressure gradient and there will be flow across the membrane depending on the trans-
membrane pressure difference. If the module shell is closed (fixed volume), there will be
a positive pressure in the extra-capillary space, so fluid will be driven out of fibres at the
upstream end, and back into fibres at the downstream end (backfiltration)

and equals 4\/ k¢/R¢ where k¢ is the hydraulic permeability:

_ 1—'c0sh[MY2] ’ (20)
sinh[MY;]
where Y, = L/Ry is the non-dimensional fibre length.

The minimum flow velocity will occur at Y,/2. The velocity at the mid-
point of the fibre for the dialyser specification shown in Table 2 was 95%
of the inlet velocity (Y2/2 = 4907 and M = 6.6 x 10~ were substituted into
Egs. 19 and 20). Micro-porous hollow fibre systems, which have higher hy-
draulic permeability (e.g. M = 0.001) would be unsuitable for this application
since there will be significant leakage of water across the membrane during
flow (mean velocity at midpoint is 1.5% of inlet velocity if M = 0.001 and
Y, /2 = 4907).

It is possible that header geometry will influence the module’s radial distri-
bution of flow inside hollow fibres. Figure 6 depicts the flow in inlet (outlet)
headers as diverging (converging) streamlines. It is possible that most of the
flow will pass through fibres in the neighbourhood of the central axis of the
module. Because the cross-sectional area of the header increases near the
upstream face of the fibre bundle there will be deceleration of fluid and an in-
crease in pressure. Close to the fibre bundle interface, the stagnation pressure
at the module inlet (; puiz) will approximate this pressure (o = fluid density
and u; = mean fluid velocity at header inlet).

The hollow fibre bundle is potted at each end in a solid resin, and the
hollow fibre bundle acting as a resistance element dissipates the fluid inertia
generated by the constricted neck of the inlet header. The permeability of the
fibre bundle as a whole (k) can be assumed to be independent of device flow
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Table2 Dimensions for a typical renal dialyser (Polyflux 6L (low flux), Gambro)

Parameter Value

Fibre inner diameter (Ry) 107.5 pm

Wall thickness 50 pm

No of fibres per module 9660

Active fibre length 210 mm

Surface area 1.36 m?
Ultrafiltration rate 2.9%x 107" m/s/Pa
Hydraulic permeability (k¢) 29%x 1074 m

Non-dimension permeability (4\/k¢/R¢) 6.6 x 107

rate and defined using Darcy’s law:

uy =" py, (1)
7
where u, is mean axial flow at the upstream face of the bundle and Py, is the
pressure drop along the fibre bundle.
The permeability of the fibre bundle in the axial direction can be modelled
as a parallel array of equally spaced tubes. Poiseuille’s law is applied to derive
an expression that relates device dimensions to fibre bundle permeability:

_
8RIL

where Ry, is the radius of the bundle of fibres.
An important dimensionless quantity that predicts behaviour of the

header flow pattern as defined by numerical simulations (Fluent™) is the di-

mensionless pressure drop parameter [15]. This parameter (P) is defined as

the ratio of the bundle pressure drop to the dynamic pressure at the header

inlet and is also related to the ratio of the header inlet and outlet radii (R; and
Ryp):

. P 2v (R \*
b= b = ( ) , (23)
1/2pu4 kpup \ Rp

where v = 1/ p is kinematic viscosity.

If P > 50 then the flow pattern inside the module is predominately deter-
mined by the geometry of the hollow fibre bundle. If fibres are uniformly
distributed, flow will be equally distributed to individual fibres within the
bundle. In conclusion, design of hollow fibre modules for cell separation
should reflect the criteria for uniform axial flow, taking into account the hy-
draulic permeability of hollow fibres and the effect that header design has on
the radial distribution of axial flow.

ky, (22)
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6
Design of Bioactive Polymer Substrates

There is increasing interest in the development of bioactive polymer sub-
strates for cell separation and tissue engineering applications. A biologically
active surface consists of molecular domains that engage cell surface re-
ceptors either to perform cell separation or to influence cell function at
a transcription level by signalling pathways that are activated by receptor en-
gagement. Extracellular matrix molecules or cell surface receptors are usually
composed of more than one functional subunit or domain, so it may be sim-
pler to engineer proteins that are chimeras of selected functional domains.

Another approach is to immobilise functional peptides or peptidomimet-
ics that are produced by solid phase chemical synthesis. Peptidomimetics are
peptides whose amino acid sequence has no resemblance to the biological
domain, but which engage cell surface receptors with similar specificity and
affinity to the “wild-type” molecule.

Larger protein domains are isolated and synthesised using recombinant
DNA techniques. The production process requires over-expression of the pro-
tein domain(s) in a bacterium, plant cell, yeast or mammalian cell type.
Genetic domains from different species and proteins can be spliced together
to create proteins with novel function, so called fusion or chimeric proteins.

Affinity cell separation techniques require relatively large surface areas
that are coated with ligand. High efficiency immobilisation techniques are
required because protein and peptide ligands are relatively expensive to pro-
duce. Proteins are immobilised onto polymeric surfaces by physical adsorp-
tion, covalent chemistry or hapten-mediated binding. Physical adsorption
of a specific protein is difficult to predict because of its reversible nature.
Other serum proteins displace physically adsorbed proteins (e.g. albumin,
vitronectin, fibronectin). Covalent chemistry via protein —NHs, —SH or
— COOH side groups provides irreversible binding. Coupling may result in
random orientation and chemical cross-linking of the protein, all of which
lead to decreased ligand activity.

We have modified cuprophan (regenerated cellulose) hollow fibres with
hydrazide groups. Monoclonal antibody was coupled to the hydrazide sup-
port by using the method originally described by O’Shannesy [16]. Sialic acid
residues present on immunoglobulin carbohydrate side chains were oxidised
to form aldehyde groups, which reacted with hydrazide groups to form stable
hydrazone bonds [17].

We also investigated the strategy of hapten-mediated binding, which relies
on the highly specific interaction between an immobilised hapten and a pro-
tein that possesses a hapten-binding domain. The hapten is a small molecule
and is usually cheaper to covalently link to the polymer compared to the pro-
tein ligand. The protein ligand is bound and oriented via the hapten onto the
surface of the polymer. The concentration of protein required to modify the
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surface can be lower than that required for covalent chemical reactions since
the hapten-binding domain has micromolar to nanomolar affinity. For ex-
ample, the hapten biotin is commonly used to tag proteins that will then bind
to streptavidin-labelled proteins (e.g. streptavidin-phycoerythrin).

There are naturally occurring proteins that bind and degrade cellulose
substrates. Cellulases are produced by bacteria and fungi to degrade cellu-
losic material found in the plant world. These cellulose-degrading enzymes
exist as single proteins or multiprotein complexes, and consist of discrete do-
mains exhibiting a specific affinity interaction or catalytic activity. Cellulose
binding domains (CBDs) are found within the cellulases and non-enzymatic
protein components of the larger cellulose-degrading complexes, and have
been utilised in various biotechnology applications.

There are now many reported CBD fusion proteins with a wide range of
CBD domains that have affinity for various forms of cellulose with micro-
molar affinity [18]. The cellulose binding domain utilised in our studies was
isolated from C. cellulovorans. This domain was fused with the antibody-
binding protein, protein LG [19, 20], to create the fusion protein CBD-LG.

Cellulose hollow fibres were coated with CBD-LG to capture antibody-
labelled cells. The single hollow-fibre assay for ligand-mediated cell adhesion
was used to demonstrate the functional activity of this fusion protein [14].
Figure 7 shows a photomicrograph of a CD34" cell line (KG1a cells) that was
labelled with antiCD34 monoclonal antibody (IgG2a) and captured by immo-
bilised CBD-LG.

Another problem associated with the design of bioactive polymer sub-
strates for cell selection is the level of non-specific cell attachment. Mononu-

Fig.7 Cells captured on a cellulose hollow fibre using CBD-LG. Labelled or unlabelled
KGla cells (CD34") were inject into a hollow fibre coated with various CBD ligands and
incubated for 4 min before washing at defined shear stress. Bound KGla cells were la-
belled with antiCD34 (IgG2a) and captured by immobilised CBD-LG. The cells elongated
at higher shear stress (50 dynes/cm?)
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clear cell concentrates from blood or bone marrow will have specialised cell
types that adhere to most surfaces (monocytes, platelets and granulocytes)
and these cell types will contaminate enriched populations. Therefore, it is
necessary to have a second round of enrichment where epitope positive cells
are selectively released from the polymer substrate.

There are various approaches to the disruption of antigen-antibody bonds
in a selective manner. These dissociation mechanisms include reduction of
disulphide bridges [21], enzymatic proteolysis targeting specific peptide se-
quences [3,4,22,23] and competitive binding using peptides [24] or poly-
clonal antibodies [25].

7
Cell Selection Process

Hope et al. published the first study describing the application of hollow
fibre modules to affinity cell selection. CD4-positive lymphocytes were de-
pleted from peripheral blood mononuclear cells [6]. Goat anti-mouse an-
tibodies were covalently attached to cellulose hollow fibre modules using
a silane-coupling reagent. Peripheral blood mononuclear cells were labelled
with mouse moAb against CD4. The starting cell suspension was pumped
through the dialyser followed by a wash with collection of the effluent. The
process was repeated, with up to three depletion cycles. The percent deple-
tion of CD4™ cells was between 63-99.9% (two experiments). Non-CD4" cells
were also depleted (36-53%) indicating that the separation process had poor
specificity.

Another study by Mandrusov et al. employed a flat cellophane dialysis
membrane that was sandwiched between two headers, which dual matching
flow channels on either side of the membrane [2]. The cell separation channel
had a height of 0.2 mm. The matching second channel on the opposite side of
the membrane was for passing cell elution buffers. The cellulose membrane
was activated with carbonyldiimidazole and reacted with goat anti-mouse
immunoglobulin. The membrane’s selective affinity was tested using mouse
B-lymphocytes, which expresses mouse immunoglobulin.

The cell suspension was flowed over the modified cellulose membrane at
a shear rate of 15s7!. This was followed by a wash at a shear rate of 31557,
Cell elution was induced with pH 5 and pH 2 hydrochloric acid supplied di-
rectly to the cell side of the membrane, or pH 1 hydrochloric acid supplied by
diffusion across the membrane by flow along the channel on the non-cell side
of the membrane. On average, the percentage of live cells in the effluent was
30% and 10% for pH 5 and pH 2 applied to the cell side of the membrane. The
viability was between 70-100% for acid pH 1 supplied directly to the opposite
side of the membrane. Thus it was possible to partially protect cell from the
toxic effect of low pH by utilising an acidic boundary layer approach.
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Characterising cell adhesion kinetics inside hollow fibres optimised the pro-
cess further. Cell adhesion is incomplete even at low shear stress so we chose
a period of cell deposition without flow to maximise cell depletion. Channel
heights smaller than 200 pwm are required to reduce cell deposition times to
less than 2 min. It is necessary to inject cells into the intra-capillary compart-
ment of the hollow fibre module so that flow rate can be used to fractionate
cells by uniform shear stress. Cells are evenly distributed along fibres using
a combination of open-ended flow and blind-ended filtration [3]. Modules
are aligned horizontally so that cells rapidly deposit onto the ligand-coated
substrate (< 2 min). For 200 um internal diameter fibres, cell binding will be
achieved within 4-8 min (Fig. 3). If there is multilayer cell deposition, then
axial rotation of the module can be used to increase the likelihood of cell con-
tact with the ligand-coated substrate (e.g. rotation through 90° every 4 min).

A shear fractionation process replaces “washing procedures”, so that in-
creasing flow rate and shear stress elutes cells with different binding affinities.
Once the epitope negative cell population has been recovered, the remaining
bound epitope positive cells are released from the substrate using enzymes or
competitive elution agents.

The process was tested with mobilised peripheral blood mononuclear cells
from seven patients undergoing blood stem cell transplant procedures for
non-Hodgkin’s lymphoma or breast cancer. The CD34 antigen is a cell marker
commonly used to enrich blood stem cells for human transplantation. Mon-
oclonal antibody to the CD34 antigen was covalently coupled to the luminal
surface of Cuprophan hollow fibres using hydrazide chemistry. After selec-
tive adsorption of CD34" cells (28 min), a depleted fraction was collected at
5 dynes/cm? followed by washes at 10 and 25 dynes/cm?. Antigen-positive
cells were recovered at 5dynes/cm? after incubation with chymopapain,
a protease that selectively cleaves the CD34 antigen.

The average number of cells processed was 1.340.2 x 108 (£SEM) and
the pre-selection frequency of CD34" cells was 1.6 +0.6% (range 0.21-4.13%;
n =7). The enrichment purity was 94.4+3.1%, and 61 £ 9% of input CD34-
positive cells was recovered in the enriched fraction (n =4). Enrichment
resulted in 3.3 +0.1log,, depletion of CD34-negative cells.

8
Future Developments

The developing fields of cell and tissue engineering will require cost-effective
technologies for delivery of cells to patients. One of the main limiting fac-
tors for large-scale phenotype selection is the prohibitive cost of the process.
Recombinant proteins or peptidomimetics may reduce the cost of ligand pro-
duction, and hapten-mediated adsorption of ligands may offer a relatively
simple technique for modifying polymer surfaces. The solid phase support
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is regenerated by washing at high shear and then reused for multiple rounds
of cell binding and recovery. Thus it may be feasible to develop economical
separation processes that are suited for clinical and large-scale industrial ap-
plications. Hollow fibre systems offer the promise of providing the flexibility
and scalability for many of these applications.
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Abstract This review addresses whole cell separation and isolation using aqueous two-
phase systems based on biocompatible polymers. The physicochemical factors that in-
fluence phase separation and systems properties are analysed. Especially, emphasis is
given to the polyethylene glycol (PEG) and dextran two-phase systems and to stimuli-
responsive soluble-insoluble polymers. The major factors that affect cell partitioning,
such as polymer molecular weight and concentration, temperature, ionic species and pH,
and affinity extraction, are also evaluated taking into account the cell types and cell sur-
face properties. The applications of aqueous two-phase separation in cell processing are
described, namely the new developments in continuous cell partitioning in microdevices
and extractive bioconversions with relevance to the biomedical sector.

Keywords Affinity - Animal Cells - Aqueous Two-Phase Systems - Cell Separation -
Partitioning
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Abbreviations

ATPS  Aqueous two-phase system

C Concentration

CF Concentration factor

CHO  Chinese hamster ovary

EOPO Ethylene oxide-propylene oxide copolymer
IDA Iminodiacetate

IMA  Immobilized metal ion affinity

IMAP Immobilized metal ion affinity partitioning
K Partition coefficient

LCST  Lower critical solution temperature

MAb  Monoclonal antibody

MW  Molecular weight

NIPAM N-Isopropylacrylamide

PEG  Polyethylene glycol

pI Isoelectric point

PVP  Polyvinylpyrrolidone

STL Slope of the tie line

TLL Tie-line length

VR Volume ratio
Y Yield
1

Aqueous Two-Phase Polymer Systems

Aqueous two-phase partitioning of proteins, cells and cell organelles is a well-
documented process which was introduced by Albertsson [1]. Detailed dis-
cussions of basic and applied aspects can be found in several monographs
and reviews [1-5]. This technique is very powerful for biomaterials separa-
tion, primary downstream processing steps and extractive bioconversions.
The main advantages have been summarized by Albertsson [1] and are given
below:

1. Both phases of the system are of an aqueous nature.

Rapid mass transfer and mixing until equilibrium requires little energy
input.

Enables the processing of solid-containing streams.

Polymers stabilize proteins.

Separation can be made selective.

Easy and reliable scale-up from small laboratory experiments.

Possibility of continuous operation.

It is cost effective.

N

PN W

The simplest procedure of this technique is the one-step extraction. The
phase system is prepared and the mixture to be separated is added. After mix-
ing, phase separation is accomplished either by settling under gravity or by
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centrifugation. The phases are separated and analysed or used to recover the
separated components of the initial mixture. The target product (e.g. partic-
ulate, biomolecule, cells) should be concentrated in one of the phases and the
contaminants in the other.

The theoretical yield in the top phase, Y;, can be calculated in relation
to the volume ratio of the phases, VR (volume top/volume bottom), and the
partition coefficient K of the target biomaterial (K = Ctop/Cpottom):

_ 100
1+ (1/VR) (1/K)

The theoretical concentration factor in the top phase, CF, of a biomaterial is
defined as the ratio between the target biomaterial concentration in the top
phase and the target biomaterial concentration in the input mixture. This can
be given as a function of the theoretical yield, volume ratio and the weight
percentage of media added to the separation system:

Cro= JLPmedia vy
100 100
In Figs. 1 and 2, the theoretical yield and concentration factor are depicted
against the volume ratio for several K values of the target and total bioma-
terial, and different mixture loads, respectively [6]. For high volume ratios,
higher yields can be achieved. However, this is accomplished at a cost of
increased dilution of the input mixture to be separated, lower purification
factors and less usage of the chemicals per unit weight of mixture, which is
economically unfavourable.

Yt (%) .
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Fig.1 Theoretical product yield in the top phase for different partition coefficients of the
target biomaterial
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Fig.2 Theoretical product concentration factor in the top phase for different mixture
loads (weight percentage) considering a partition coefficient for the target biomaterial of 20

2
Phase Separation and System Properties

The phase components in aqueous two-phase systems (ATPSs) may be either
two different hydrophilic polymers, such as polyethylene glycol (PEG) and
dextran, or one polymer and one low molecular weight solute, usually a salt,
such as potassium phosphate. Above certain critical concentrations of these
components, phase separation occurs. Separation is dependent on the mo-
lecular weight (MW) of the polymers, additives, pH and temperature. Each
of the phases is enriched in one of the components. The composition of each
phase can be determined for the total system composition from the phase
diagram (Fig. 3) [6].
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Fig.3 Two-phase diagram for Y-X-water system
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In Fig. 3, the three systems A, B and C differ in their initial compositions
and in the volume ratios. However, they all have the same top phase equi-
librium composition (X;,Y;) and the same bottom phase equilibrium com-
position (Xp,Yy,). This is because they are lying on the same tie-line, whose
end points determine the equilibrium phase compositions and lie in a convex
curve, named the binodal, which represents the separation between the two
immiscible phases.

It should be noted that commercial polymers are usually polydisperse and
their molecular weight distributions may vary from lot to lot, even when ob-
tained from the same manufacturer. The phase diagrams for systems formed
by different lots differ accordingly [6].

The tie-line length (TLL) and the slope of the tie-line (STL) can be related
to the equilibrium phase composition as follows [6]:

TLL = /(X - X0? + (¥ - Yp)?

STL = (Ye-Yy) _ AY .
Xi-X,) AX

Table 1 shows some common examples of ATPSs. For more extensive lists,
the reader is referred to the references Albertsson [1], Zaslavsky [4] and Di-
amond and Hsu [5].

Table 1 Polymer systems capable of phase separation in water solutions

Polymer Polymer
Polyethylene glycol Polyvinyl alcohol
Dextran
Hydroxypropyl starch
Ficoll
Polypropylene glycol Methoxypolyethylene glycol
Polyethylene glycol
Dextran
Ethylhydroxyethylcellulose Dextran
Hydroxypropyl starch
Ethylene oxide-propylene oxide Dextran
Hydroxypropyl starch
Polymer Low molecular weight solute
Polypropylene glycol Potassium phosphate
Glucose
Polyethylene glycol Inorganic salts, e.g. K*, Na*, Li*, (NH4)*,
PO;-, SO%

Stimuli-responsive polymer -
Ethylene oxide-propylene oxide -
Poly-N-isopropylacrylamide -
Methacrylic acid-methyl methacrylate -
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2.1
Two-Polymer Systems

The most important factor for phase separation is the chemical nature of both
polymers. In two-polymer ATPSs, the phase separation is due to small re-
pulsive interactions between the two types of monomers in the solution. The
total interaction between the two polymers is large since each one is com-
posed of several monomers.

2,11
Molecular Weight

The higher the MWs of the polymers, the lower is the polymer concentration
required for phase separation [1,5], i.e. the binodal is depressed. Forciniti
and co-workers [7] evaluated the effect of polymer MW and temperature in
the phase composition of a PEG/dextran ATPS. The TLL, Apextran and Apgg
were found to increase with the MW, and this effect was higher the greater
the difference in molecular size between the two polymers, with a consequent
increase of the diagrams’ asymmetry.

2.1.2
Temperature

The concentration of phase polymers required for phase separation usually
increases with increasing temperature. The experiments of Sjoberg and Karl-
strom [8] suggest that at temperatures below 90 °C, a change in the temperature
has only a minor effect on the phase diagram of the PEG/dextran ATPS.

For the PEG/dextran ATPS, the effect of the polymer MWs is further in-
creased with increasing temperature. The STL increased with the temperature
due to the fact that Apexiran decreased with increasing temperature, while
Apgg remained nearly constant [7].

213
Inorganic Salts

The hydrophobic (water structure breaking) salts (e.g. KClOy4, KI, KSCN) gen-
erally elevate the binodal of a two-polymer ATPS, as does the temperature
increase, while the hydrophilic (water structure making) salts (e.g. K;SOy4,
KF) depress the binodal of the system [4].

The PEG/dextran system is much less susceptible to the salt effects when
compared to polyvinylpyrrolidone (PVP)/dextran or Ficoll/dextran ATPSs.
These effects on the phase separation of PEG/dextran seem to be similar to
the ones observed on the lower critical solution temperatures (LCSTs) (see
Sect. 2.2.1) in the dextran-free aqueous solutions of PEG [4].
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The addition of a given salt affects the polymer composition of the two
phases depending on the type and total amount of the salt. The salt composi-
tion of the phases is also influenced by the total polymer concentration of the
system [9]. Bamberger and co-workers [10] found that PEG rejects phosphate,
sulphate and to a lesser extent chloride, while the effect of dextran on the dis-
tribution of either salt is much smaller. The magnitude of the PEG effect on
the salt distribution behaviour was found to be proportional to the polymer
concentration.

Zaslavsky and co-workers [9] have established the following empirical re-
lationship between the partition coefficient of the salt (Pg,;) and the polymer
concentration difference of PEG (PVP or Ficoll) in both phases:

In Py, = Bgae ACpEG »

where Bg,y, is a constant depending on the type of the phase polymers and the
type and total concentration of salt additive. Hydrophobic salts were found to
favour the PEG (PVP or Ficoll)-rich phase, while hydrophilic salts favoured
the dextran-rich phase. The STL was related to the total salt concentration in
the ATPS [9].

In an ATPS, anions and cations distribute unequally across the interface.
To keep the electroneutrality between the phases, a potential difference re-
sults [1,5]. Water structure making ions (Li*, Na*, NH,*, Ca?t, Mg?*, F-,
S04%, CO3%7, PO43-, CH3COO0") favour the more hydrophilic phase, whereas
water structure breaking ions (K*, Rb*, Cs*, Cl7, Br~, 17, SCN~, NO3~, ClO4")
favour the more hydrophobic phase.

In summary, salt additives partition between the two phases and lead to
a redistribution of the polymers between the phases, i.e. a change in the phase
polymer composition. Therefore, when evaluating the partitioning of pro-
teins in two-polymer ATPSs with salt additives, the interrelationship between
the polymer and the ionic composition of the coexisting phases should be
taken into account.

2.2
Stimuli-Responsive Soluble-Insoluble Polymers

These systems are based on polymer/water two-phase systems, which are
formed due to temperature or pH changes [11, 12].

2.2.1
Temperature-Sensitive Polymers

Some polymers exhibit a LCST in water. This means that the solution sepa-
rates into two phases at temperatures over this point. One of the phases is
rich in the polymer and the other phase is poor in the polymer. The LCST is
dependent on the polymer concentration and molecular weight.
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PEG is a thermoseparating polymer, the LCST of which is around 180 °C
for the lower MWs and decreases with increasing MW, reaching a value
of approximately 95°C for MWs of 200000 or more [13]. Other exam-
ples of thermoseparating polymers are the random copolymers of ethylene
oxide-propylene oxide, often referred to as EOPO polymers, and poly(N-
isopropylacrylamide) [poly(NIPAM)], which have much lower LCST values
[32°C for poly(NIPAM)]. The LCST of these types of polymer/water solu-
tions is a linear function of the mass fraction of the PO in the copolymer
(Fig. 4) [6]. A PO content of 0% represents the PEG homopolymer.

The LCST diagrams of thermoseparating polymers in aqueous solution
have a typical shape, as is represented in Fig. 5. The addition of another
component to the polymer/water system may change the clouding behaviour.
Hydrophilic additives, such as salts [14-17], glycine [18] and sugars [19],
lower the LCST and strongly partition to the water phase after thermosepa-
ration. Cunha and co-workers [20] determined the polymer and salt content
in the phases of a 10% EO50PO50 water solution with and without potas-
sium phosphate, after thermoseparation at 50 and 60 °C, respectively. The
polymer content in the polymer-rich phase (bottom) reached values between
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Fig.4 Lower critical solution temperature of 10% EOPO copolymer/90% water system
with the PO content
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Fig.5 Lower critical solution temperature diagram for the systems EO50PO50/water and
EO30PO70/water
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40 and 65% (w/w), and in the water-rich phase, values between 1 and 3%
(w/w), depending on the system temperature. Hydrophobic additives, like
phenol and n-butanol, lower the LCST and partition to the polymer-rich
phase [16, 18]. Amphiphilic additives, such as ionic surfactants (e.g. SDS),
increase the LCST and nonionic surfactants (e.g. Tween 20) almost do not
change the LCST [17].

23
Physical Properties of the ATPS

The physical properties of the ATPS (density, viscosity and interfacial ten-
sion) determine the phase separation and influence the cell partitioning.
Low-density differences between the phases, or highly viscous phases, give
rise to high separation times. Systems with a short TLL have low viscosity,
but also a low density difference, and therefore they will take a long time to
separate. At the other extreme, i.e. large TLL, the density difference is high
but the phases’ viscosity is also high, leading to long separation times. An
intermediate choice will allow a minimum separation time.

Changing the volume ratios, i.e. the dispersed and continuous phases, af-
fects the separation times. When the more viscous phase is dispersed in the
less viscous continuous phase (volume of the more viscous phase is the small-
est), the separation time is shorter and vice versa.

The interfacial tensions in aqueous polymer systems are very difficult to
measure, because they are in the range of 0.5 to 500 mN m™., i.e. two to three
orders of magnitude lower than those typical for water-organic solvent sys-
tems [1]. Low interfacial tensions give rise to small drop diameters, which
enable high mass-transfer rates. However, very fine sizes of dispersion lead to
long separation times.

3
Factors Affecting Cell Partitioning

Partitioning of cells in ATPSs depends on the interactions of the surface prop-
erties of the cells with the physical properties of the two-phase system [1, 21].
The cell surface properties, such as surface charge and lipid composition, and
the presence of specific components depend on the cell type. The physical
properties of the ATPS, like the interfacial tension, electrostatic potential dif-
ference and phase hydrophobicities, however, can be changed by altering the
overall composition, namely the type of polymer and ionic composition and
concentration [1, 3, 21, 22]. It is difficult to elucidate to what extent each of the
physical properties is responsible for the actual cell partitioning by varying
the composition of the ATPS, as changing one parameter in the composition
of the ATPS can change several of its physical properties.
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In the case of PEG/dextran it has been found that by appropriate selec-
tion of phase composition, cell separations can be based predominantly on
charge-associated or lipid-related properties or on biospecific affinity. The
PEG and dextran MWs, the TLL, the type of salts used and the pH are the
factors that most likely influence the cell partitioning when no biospecific
affinity is used [1, 3, 4].

Cells and cell debris usually partition to the bottom phase, both in
PEG/salt and PEG/dextran systems. Cell material contributes to the phase for-
mation, with a consequent decrease of the volume ratio with increasing cell
concentration. In PEG/salt systems, nucleic acids and polysaccharides parti-
tion strongly into the salt-rich phase. In contrast, most coloured by-products
of fermentation broths are hydrophobic and partition into the top phase [23].

The mechanism of partitioning can be described by the Bronsted equa-
tion K = Ciop/Cpottom» Which depends on e*M/KT ' where M is the molecular
weight, k the Boltzmann constant and T the absolute temperature. A is a factor
which depends on properties other than molecular weight (i.e. interactions
between the surface properties of the material and the two phases). Alberts-
son [1] has further proposed that, for particulates, namely cells, the molecular
weight should be replaced by the particle’s surface area (A) [1,24]. Thus, size
and surface properties determine the partitioning behaviour of biomaterials,
these parameters being exponentially related to the partition coefficient.

The partition coefficient of a biomaterial (cell) in an ATPS can be ex-
pressed as a function of several variables [1, 6]:

In K =1nK® + In Kelec + In Kpfop + In Kiize + In Kpiosp + - »

where the subscripts of the several contributions mean: elec, electrochemical;
hfob,: hydrophobic; and biosp, biospecific.

These contributions are both from the cell properties (size, net charge,
hydrophobicity, other surface properties) and from the surrounding environ-
mental conditions (salts and concentration, pH, type of polymers, polymer
molecular weights and concentrations, temperature). K° includes other factors.

3.1
Polymer Molecular Weight and Concentration

The PEG and dextran MWs are expected to have a significant effect on cell
partitioning [3] since the MWs of the polymers affect the phase composi-
tions, as previously referred to. However, their effect is small compared to that
of the presence of salts, e.g. phosphate. The MW of PEG does not have not
a clear effect on hybridoma cell culture in PEG/dextran ATPSs [25]; however,
cell morphology was influenced by PEG MW. In cell cultures with PEG 6000,
the viable cells were round and similar to the controls, while in cultures with
PEG 20000 and 35000, the cell shape was more irregular and some very large
cells were present.
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The influence of dextran MW on cell partitioning is observed in the pres-
ence of phosphate. Cell partitioning is a function of both the dextran MW and
the TLL at low phosphate concentrations [22]. Cells preferentially accumulate
in the lower phase at low TLL in combination with a low dextran MW, which
is consistent with the literature data [1, 3].

PEG and dextran have a strong concentration-dependent effect on medium
osmotic pressure, while the polymer MW does not have a large influence on
osmotic pressure [25]. This is important as high osmolalities decrease cell
growth and increase the cell death rate.

The effect of the polymer MW on the partitioning may not be separated
from that of the polymer concentration. In addition to Apgg, the STL is
needed to describe the effect of the polymer MW on partition [4]. At high
polymer concentrations (i.e. high interfacial tensions) cells tend to be ad-
sorbed at the interface. As the polymer concentrations are lowered, cells tend
to partition between the interface and one of the phases, leading to partition
coefficients which depend on the ionic composition and concentration of the
phase system and on the surface properties of the cells [21].

3.2
Temperature

The effect of temperature has not been given enough attention and there are
very few studies for cells to allow any generalization. The temperature influ-
ences the phase composition, the electrostatic and hydrophobic interactions,
the macromolecule (protein) conformational state, and it can also induce pro-
tein denaturation, self-association or dissociation. The separation of some of
these effects is very complex. However for cell processing, the temperature
is usually fixed to allow cell culture (37 °C) and/or separation (4 °C to room
temperature).

The surface properties of Escherichia coli ML308 cells, after heat treatment
(from 30 to 42 °C, 0-1h), were evaluated in PEG/dextran ATPSs. The results
suggest that heat treatment induces a change in the cell surface hydrophobic-
ity of E. coli cells but not in the cell surface charge [26].

33
Salts and pH

Inorganic salts play an important role not only on the physical properties of
ATPSs in both polymer-salt and polymer-polymer systems, but also on the
cell partitioning.

When phosphate is used, an electrostatic potential difference exists be-
tween the PEG and dextran phases with the top PEG-rich phase positive,
and cells being pulled out of the interface due to the interaction between the
charge of the top phase and the negative surface charge of the cell [21, 27].
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On the other hand, when NaCl is used, there is virtually no electrostatic po-
tential difference between the phases and, at higher polymer concentrations,
cells remain at the interface. If the interfacial tension of a PEG/dextran ATPS
containing NaCl is further reduced (e.g. by reducing the polymer concen-
trations), cells will partition into the top PEG-rich phase [21]. The partition
coefficients obtained in this latter case have been shown to have, at least in the
case of red blood cells from different species, an excellent correlation to the
ratio of their membrane poly/monounsaturated fatty acids as well as to some
other membrane lipid components [28].

The effect of the ratio of potassium phosphate to potassium chloride, de-
fined as the fraction KPi/(KPi + KCl), on cell partitioning also shows a strong
indication that the electrostatic potential difference between the two aqueous
phases plays a dominant role in the partitioning of hybridoma cells [22]. At
high phosphate fractions the potential difference will be relatively high, while
at low phosphate fractions it will be almost zero. The electrostatic potential
difference is caused by the unequal distribution of buffering ions like mono-
and dibasic phosphates between the two phases. These ions partition more to
the lower phase and cause a relatively negative potential in the lower phase
compared to the upper phase. Chloride ions, which distribute evenly, can re-
duce the potential difference [1,3]. The hybridoma cells are “pushed” from
the lower phase into the interface with increasing potassium phosphate frac-
tions (increasing the relative negative potential of the lower phase), which was
expected, as mammalian cells have a negative overall charge at a pH of around
7.0 [22].

Changing the pH is a common practice in partitioning studies of bioma-
terials due to the net charge of the biomaterial and its interaction with the
surrounding environment. The balance of these interactions may reverse the
predictions exclusively based on the biomaterial net charge. Additionally the
different pH values are accomplished with different buffers, therefore the salt
composition of the ATPS is also altered, and the partitioning of the biomate-
rials may change accordingly.

Partitioning of cells in PEG/dextran ATPSs is pH- and ionic strength-
dependent. However, within the pH range usually used for cell processing
(6.6-7.5), it is not expected that the pH would have a large effect on cell parti-
tioning, because the major cell surface charged components usually are fully
ionized above pH 5.0 [3,22]. However, pH strongly influences the ratio of
mono- to dibasic phosphates. At pH 7.4 dibasic phosphate is prevalent and
causes a higher electrostatic potential difference, leading to partition of the
cells into the interface [22]. Also under weak alkaline conditions, when the
negative charge on the surface of the cells decreases, the dependence of par-
titioning on the ionic strength increases significantly [29].

PEG/dextran systems containing various salts have also been used to de-
termine the isoelectric points (pI) of different kinds of cells at different pH
values [26]. For example, the dependence of the partition coefficients of E. coli
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W3110 cells on pH in PEG 4000 (9%)/dextran 100 000-200 000 (9%) contain-
ing NaCl, NaSCN or Na;SOy, at the same ionic strength of anion, shows that
the addition of NaCl and NaSCN led to a negative electrochemical potential,
increasing the partition coefficient at low pH values, while the addition of
Na,SO4 did not. The partitioning of the E. coli W3110 cells at different pH
values in ATPSs containing different salts of the same ionic strength led to a plI
of cells of 2.8 +0.3. In general, the surfaces of bacterial and yeast cells have
their isoelectric points in the acidic range.

34
Affinity Extraction

Aqueous two-phase separation has been used for the fractionation of vari-
ous biological substances, because of its biocompatibility and easy scale-up
features [1]. However, the specificity of the separation is relatively low, which
has limited the application of this method to some special cases. Recent de-
velopments in biotechnology have raised awareness of the importance of
developing specific separation systems especially suitable for use on a large
scale and cell and tissue processing for biomedical research and regenerative
medicine. In this respect, ATPSs have been modified by introducing affinity
ligands to confer suitable specificity [3, 30, 31].

Aqueous two-phase affinity partitioning has been mostly applied to
PEG/dextran systems containing PEG derivatives [30,31]. No affinity two-
phase studies have been performed with cells in PEG/salt systems. This is
owing to the fact that biospecific interactions are usually obstructed by high
salt concentrations. The affinity partitioning is usually performed by addition
of the polymer-bound ligand (e.g. PEG-X) to the mixture containing the tar-
get biomaterial and the other phase components (e.g. PEG and dextran). After
mixing and phase separation, the target biomaterial will be enriched in the
phase containing the polymer-bound ligand (top phase). A washing step can
follow, by equilibrating the phase containing the ligand and biomaterial (top
phase) with the pure phase (bottom). To isolate the target product from the
ligand another partitioning step is performed, with a fresh (bottom) phase,
under dissociating conditions. Usually pH and salt variations are used, or if
a temperature-sensitive polymer is used, by heating above the LCTS of the
polymer solution. Cells partition according to the spontaneous pattern, i.e. to
the opposite phase, that contains the polymer-bound ligand (bottom).

Several ligands have been developed and applied to the purification of bio-
materials. Two major categories of ligands have been distinguished [32]: high
affinity (polyclonal and monoclonal antibodies) and general affinity ligands.
The latter include ligands such as fatty acids, peptides and triazine dyes which
have been used for protein separation; however, they exhibit a wide spec-
trum of interaction with the target product, and therefore their selectivity
is reduced and they can be used in different purification cases. In the case
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of whole cells, antibodies [29, 31], fatty acids [3, 24, 33], metal ions [30] and
dyes [34, 35] have been employed as affinity ligands, but in a rather limited
manner.

Hydrophobic affinity (fatty acid esters) is mostly used on an analytical
scale and for cell separations. The small amounts of modified PEG-fatty acid
esters (e.g. the ester of PEG and palmitic acid, PEG-palmitate) usually re-
quired have no significant effect on the physical properties of the phases. The
different intensities of the hydrophobic interactions between the proteins on
the cell surface and the ligand lead to a successful separation of cells to be
extracted from the interface into the PEG-rich phase [33].

The immobilized metal ion affinity (IMA) concept described by Porath and
co-workers [36] was extended to phase partitioning by grafting iminodiac-
etate (IDA) onto PEG. This ligand is able to chelate transition metal ions, e.g.
Cu(II), Ni(II), Zn(II) and Co(II) [30]. Cells can establish coordination bonds
with the immobilized metal ion via accessible and deprotonated histidine
residues at the cell surface [30]. In this manner, healthy and pathological cells
were separated by IMA partitioning (IMAP) and it was possible to differenti-
ate malarial red blood cells, cancerous fibroblasts and lymphoma cells from
their healthy counterparts using PEG-IDA-Ni(II) as an affinity ligand [37].
IMAP systems have been also used to isolate low abundance cells, e.g. human
haematopoietic stem cells, from other cell types in a complex cell mixture.
Major sources of haematopoietic stem cells are the bone marrow, peripheral
blood and cord blood. These cells, representing less than 1% (0.3 to 0.7%) of
the total mononuclear cells of human cord blood, are characterized by the ex-
pression of the cluster of differentiation (CD) 34 surface antigen. It is known
that CD34" cells are a heterogeneous population, representing the first step
of haematopoiesis. They are able to proliferate and to differentiate into the
myeloid and lymphoid lineages, and have the capacity for self-renewal in their
pluripotent state. The purification of these cells is of great importance for the
study of the earliest stages of haematopoiesis and also for the cell therapy of
some blood diseases, like leukaemia.

Monoclonal antibodies [38] have been used as ligands to carry out the
separation of the complex antigen-antibody and antigen in immunoaffinity
partitioning. If antigens or antibodies can be used as a specific ligand, cells
can be selectively separated on the basis of cell surface acceptors.

An ATPS has been developed in which a temperature-sensitive polymer
[poly(NIPAM)] was used as a ligand carrier for the specific separation of ani-
mal cells [29]. Monoclonal antibodies were modified with itaconic anhydride
and copolymerized with N-isopropylacrylamide, and the ligand-conjugated
carriers were added to the PEG 8000/dextran T500 ATPS. The antibody-
polymer conjugates were partitioned to the top phase in the absence or
presence of 0.15 M NaCl. When ligand-conjugated carriers were used, more
than 80% of the cells were specifically partitioned to the top phase in the pres-
ence of NaCl up to 0.1 M. The cells were partitioned almost completely to the
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bottom phase at 0.1 M NaCl or above, when no antibody-conjugate was added
in the ATPS. As a model system, CD34* human acute myeloid leukaemia cells
were specifically separated from human T lymphoma cells by applying anti-
CD34 conjugated with poly(NIPAM) in the ATPS. By the temperature-induced
precipitation of the polymer, about 90% of the antibody-polymer conjugates
were recovered from the top phase, which gave approximately 75% cell sepa-
ration efficiency.

Soluble-insoluble pH-responsive polymers have also been used [38] as
functional ligand carriers for the specific separation of several biological sub-
stances. In such systems, the ligand-carrier complex is specifically partitioned
to the top phases in several ATPSs, and can be easily recovered as a pre-
cipitate by changing the pH. ATPSs based on a soluble-insoluble polymer
with a ligand carrier to a specific animal cell separation were used for the
separation of mouse-mouse hybridoma 16-3F cells, which produce anti-o-
amylase antibody [31] from mouse myeloma NS-1 cells. ATPSs composed of
4% PEG 8000 and 5% dextran T500 in 10 mM sodium-potassium phosphate
buffer at various pH values and NaCl concentrations were used. To achieve
specific separation, Eudragit S 100 and its ligand conjugates were included
in the two-phase system. Eudragit is a copolymer of methacrylic acid and
methyl methacrylate, with a reversible soluble-insoluble feature dependent
on pH. Anti-mouse IgG antibody and thermostable a-amylase as a ligand
were coupled to Eudragit using water-soluble carbodiimide. In the ATPS of
PEG 8000/dextran T500, the animal cells distributed to the PEG phase under
low NaCl concentrations, but partitioned to the bottom phase at NaCl con-
centrations higher than 0.042 M. Eudragit was distributed to the top phase at
NaCl concentrations lower than 0.084 M. With the inclusion of this ligand car-
rier conjugated with a-amylase, all the cells in the top phase were 16-3F, and
no NS-1 cells were detected. On the other hand, the cells in the bottom phase
were a mixture of 16-3F and NS-1 cells [31].

4
Applications of the ATPS for Cell Processing

ATPSs have been used for the separation and characterization of different
types of cells, namely animal, plant and bacterial cells and viruses. ATPSs
are suitable for extractive bioconversions and more recently continuous par-
titioning of cells has been performed in microdevices, allowing the extension
of this methodology to the field of nanotechnology.

One of the emerging areas of application of ATPSs is in animal cell research
and cell and tissue engineering for clinical applications, where specific cell
separation is a very important technique. For instance, blood contains several
species of cells, such as erythrocytes, leukocytes and lymphocytes. In spite
of the fact that separation of these cell types is required for basic medical
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research and therapy, there is no effective method for large-scale cell separa-
tion. Furthermore, to establish a hybridoma cell line which has a specific cell
surface receptor and produces a specific monoclonal antibody, the concentra-
tion and isolation of specific lymphocytes or hybridomas is necessary. Some
of these applications are highlighted in the following examples.

4.1
Bacterial Cell Characterization

The membrane surface of bacterial cells is characterized by various proper-
ties, such as charge, hydrophobicity and other biospecific properties, due to
the lipid-protein composition on the cell membrane. The selection and sep-
aration of microorganisms, their cultivation and the removal of cell debris
from the target products may all be directly affected by the surface properties
of whole cell populations [26]. A study on the extractive cultivation of cells
using ATPSs [26,40-43] showed that quantitative data on surface properties
were required to design an efficient process.

The partitioning behaviour of bacterial cells is greatly affected by the add-
ition of salts because of the salting-out effects in ATPSs. While the addition of
sodium phosphate increased the partition coefficients, the addition of NaCl
led to a decrease of the partition coefficients [43]. With Na;SOy, the incre-
mental changes in the partition coefficient of the cell with the addition of
salts, Aln Kcej, sait» remained almost unchanged. On comparing the effects
of the different anions added, phosphate was found to be the most effective
in increasing the values of Aln Kcg, sai¢ [43]. The order of effectiveness in
increasing the Aln K¢, st is then phosphate > SO4% > SCN~ > CI™. There
was also a slight difference in the effect of cations (Na* > K™*). This efficiency
order corresponds to the Hoffmeister series, which is used to explain the ef-
fect of salts on the partitioning of proteins. The partitioning of cells was thus
found to depend on the types of salts added as well as the types of bacterial
cells used in ATPSs.

4.2
Haematopoietic Cell Separation

Haematopoietic cells, namely erythrocytes, lymphocytes, human haematopoi-
etic stem cells, leukaemia cells and T lymphoma cells, have been selectively
separated and characterized by ATPSs.

Erythrocytes from different animals have been partitioned in a PEG/dex-
tran system (with NaCl) containing PEG-palmitate. The partitioning depends
on the hydrophobic interaction of the cells with the palmitoyl ligand. Some
correlation is also observed between the partition coefficient of the cells and
the relative percentages of phosphatidylcholine and sphingomyelin of the
cellular membrane, being higher with the former and lower with the lat-
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ter [3,24,33]. These results reflect not only membrane charge but also mem-
brane lipid composition and affinity for a ligand (i.e. palmitate) [3, 24, 33].

IMAP was used for the selective separation of human haematopoietic stem
cells [30,37]. Partitioning was influenced not only by the relationship be-
tween the cell surface and the physical properties of the phases, but also
more selectively by the affinity of the immobilized metal ions to the histidine
residues of membrane-associated proteins. Nanak and co-workers [37] put
forth the hypothesis that glycophorins played an important role in the affin-
ity partitioning of human red blood cells. Nevertheless, on mononuclear cells
of cord blood, surface proteins are more diversified and it is more difficult to
identify a target molecule for the metal chelate.

4.3
Hybridoma Cell Separation

Hybridoma cell culture and separation have been performed success-
fully in PEG/dextran ATPSs [22,25], especially by using affinity partition-
ing [31, 34, 35].

The partitioning of the mouse-mouse hybridoma cell line BIF6A7, mouse-
rat hybridoma PFU-83 and Chinese hamster ovary (CHO) cells DUKX B11-
derived cell line BIC-2 in ATPSs of PEG and dextran was studied to identify
the key factors governing cell partitioning, and to select ATPSs with suitable
cell partitioning for extractive bioconversions with animal cells. The influ-
ence of five factors, i.e. the PEG MW, dextran MW, TLL, pH and the fraction
KPi/(KPi + KCI), on BIF6A7 cell partitioning was characterized by using a full
factorial experimental design [22].

The cell partitioning ranged from complete partitioning into the inter-
face to an almost complete partitioning to the lower phase. In all cases less
than 1% of the cells partitioned to the PEG phase. The potassium phosphate
fraction had the largest effect on cell partitioning. Low potassium phosphate
fractions increased the proportion of cells in the lower phase. To a lesser
extent the other factors also played a role in the cell partitioning. The best
partitioning for the BIF6A7 cell line was obtained in ATPSs with PEG 35 000,
dextran 40000, TLL 0.10g/g, pH 7.4 and KPi/(KPi + KCl) 0.1, where 93%
of the cells were present in the lower phase [22]. Moreover, the PFU-83 cell
line was able to grow in the ATPS hybridoma culture medium. This ATPS
hybridoma culture medium therefore seems to be suitable for extractive bio-
conversions with a wide range of hybridoma cell lines, provided that their
product can be partitioned into the upper PEG-rich phase [22].

Zijlstra and co-workers [34, 35] also studied the effect ATPS and salt com-
position on the affinity partitioning of mouse-mouse hybridoma BIF6A7 cells
and its monoclonal antibody IgG class 2a in PEG 35 000/dextran 40000 con-
taining a PEG-dye (mimetic green 1 A6XL) ligand. In the presence of 1%
PEG-dye ligand, the binding of IgG was affected by sodium chloride concen-
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tration. When no PEG ligand was present, the cells partitioned preferentially
to the bottom phase, while in the presence of the PEG ligand they partitioned
almost completely into the interface.

4.4
Extractive Bioconversions in Aqueous Two-Phase Systems

Extractive bioconversions [44] have been successfully applied to integrate the
production step (fermentation, cell culture, bioconversion media) with the
first steps of downstream processing of a target product, by increasing the
overall productivity and product yield. ATPSs are suitable techniques for in
situ product recovery due to their mild characteristics and biocompatibil-
ity. For efficient processing the cell (biocatalyst) has to partition completely
to one of the phases, while the product concentrates in the other phase.
In this manner the biocatalyst can be retained and reused by recycling the
biocatalyst/cell-containing phase, and a cell-free product phase is available
for further downstream processing.

Several bacterial species have been cultured in polymer-salt ATPSs [40-43,
45]. Polymer-salt ATPSs can be cost effective for protein extractions [45, 46].
Furthermore, their suitability for large-scale extractions of products with
a wide range of hydrophobicities has long been recognized [46]. Cell growth
was found to be largely unaffected by PEG when the molecular weight was
4000 kD or higher; however, it was inhibited exponentially with increasing
salt concentration [45].

For extractive bioconversions with animal cells excreting high-value pro-
teins, such as monoclonal antibodies (MAbs) [25, 47], the presence of cells in
the interface is not desirable. Therefore, for extractive bioconversions ATPS
culture media should be designed in which the cells partition to the lower
dextran-rich phase. In ATPSs of PEG 35000 and dextran 40000 with cul-
ture medium, long-term growth of hybridoma BIF6A7 cells has been shown
with the cells partitioned almost completely to the lower phase [25]. The
MAD product (IgG class 2a), however, partitioned along with the cells in the
lower phase. An affinity dye ligand (mimetic green 1 A6XL) coupled to PEG
led to an improvement of the partition coefficient of the MAb to the top
phase [33, 34].

Plant cell cultivation in ATPSs has also been reported in ATPSs with neu-
tral polymers [48, 49]; however, product excretion, required for successful in
situ product removal, remains an issue to be improved.

4.5
Continuous Cell Partitioning in Microfluidic Devices

Recently, microfluidic devices, in which an aqueous two-phase laminar flow
is stably formed, have been used for the continuous partitioning and frac-
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tionation of animal and plant cells [50, 51]. This method utilizes the stable
aqueous two-phase laminar flows and high surface-to-volume ratio within
a microchannel, without diffusive mixing and making the interface large
enough to perform continuous partitioning.

Live and dead CHO-KI1 cells were fractionated by continuous-flow extrac-
tion in a microfluidic device using ATPSs of PEG 8000 (4%) and dextran T500
(5%) at various pH values [50]. The fractionation efficiency of live and dead
CHO-KI1 cells from the culture broth was compared in a normal macroscale
system and microfluidic device. The optimum pH for the fractionation was
6.6 in both the normal and microscale systems. The recovery efficiency of live
cells was 85.5% in the normal macroscale ATPS, while all of the live CHO-
K1 cells were recovered to the PEG-phase flow in the microfluidic device. The
fractionation efficiency of live cells was 97.0%. Only 3% of the dead cells were
recovered from the cell suspension to the PEG-rich phase. The continuous-
flow two-phase system showed better recovery and fractionation of cells than
the normal macroscale two-phase system.

The continuous two-phase partitioning of cultured plant cell aggregates
with diameters between 37 and 96 um was also performed in microfluidic
devices [51]. The cell partitioning was performed in a simple microchan-
nel having two inlets and two outlets, and the effects of the widths of each
phase and the flow rate on the partitioning efficiency were examined. In
addition, for the improvement of the partitioning efficiency, partitioning in
a microchannel with a pinched segment was also performed, suggesting that
this microscale aqueous two-phase flow system can further be incorporated
into micro total analysis systems or lab-on-a-chip technology, owing to its
simplicity, applicability and biocompatibility.

This partitioning method seems to be highly advantageous for the separa-
tion and selection of cell lines or biomaterials from heterogeneous mixtures,
such as stem cells or highly producing plant cells, since partitioning can be
continuously performed in a relatively short time under mild conditions. In
addition, by combining with other miniaturized manipulation systems for
sampling, analysis or cell cultivation, this method will pave a new way for the
development of biotechnology and tissue engineering, thus eliminating time-
and labour-consuming procedures.
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Abstract In recent years, human embryonic stem cells have been established, and somatic
stem cells derived from various adult organs have been identified and characterized to
differentiate into various kinds of functional cells. There have been attempts to use func-
tional cells induced from such stem cells for tissue regeneration and cell therapy. The
method is expected to become an important treatment for intractable diseases in the near
future. Since tissues and organs generally contain only a small quantity of somatic stem
cells, and since it is necessary to separate functional cells generated from stem cells for
use in therapy, an effective method for specific cell separation is crucial to the practical
application of regenerative medicine. For the specific separation of cells, a fluorescence
activated cell sorter using specific antibodies is a powerful tool, but the method is not
suitable for large-scale processing and a special device is required. Although a magnetic
cell separation system using immuno-magnetic fine particles is also commercially avail-
able, the system still needs special apparatus for large-scale processing. We developed
a novel method for the separation of specific cells in an aqueous two-phase system using
antibodies modified with a temperature-responsive polymer. The method enables the
processing of a large quantity of cells without the requirement of a special device.
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1
Introduction

In recent years, stem cells such as neural stem cells and mesenchymal stem
cells have been identified in various organs. Many studies on the proliferation
and differentiation of stem cells in vitro have been carried out in preparation
for therapy by cell transplantation. In addition, now that human embryonic
stem (ES) cells have been established [1, 2], it is expected that all kinds of
tissues and organs will be reproduced using ES cells [3-5]. It seems that
advances in stem cell technology will enable the restoration of tissues and
organs using constructed cell transplantation as a therapy for intractable dis-
eases in the near future [3, 4].

The process of cell separation holds an important role in cell therapy and
regenerative medicine using stem cells. Stem cells are usually present in only
small quantities in adult tissues and organs, and an effective separation pro-
cedure for stem cells is always required. Furthermore, even if one succeeds
in the separation and/or establishment of stem cells and ES cells and subse-
quently expansion and differentiation into functional cells by setting suitable
culture conditions, specific cell separation is still required, since only differ-
entiated functional cells should be used for practical treatments.

The separation of cells is different from the separation of other materials.
Proteins, for example, are relatively unstable and must be carefully handled
not to lose their biological activity during the separation process, but pro-
teins can be purified as a homogeneous material in terms of molecular weight
and structure. On the other hand, in cell separation, careful handling is also
important. In addition, since living cells may change during the separation
process, it is difficult to separate cells in completely the same state. Instead,
the purpose of cell separation is to collect a group of cells sharing the same
characteristics. For example, in the case of the separation of T lymphocytes
in blood, the cells are collected from various blood-constitutive cells in ac-
cordance with some definition of T lymphocytes. Such cells are not 100%
pure, but rather belong to a group sharing a characteristic of T lymphocytes,
and may be further classified into subgroups. Since cells are living and vari-
able depending on the surrounding environment, the separation processes
are limited by the medium and operation. Rapidness of the operation and
viability during separation are important operating factors. Thus, for purity
and recovery in the separation of specific cells, it is necessary to wrestle with
problems different from those in the separation of a material such as protein.

In this chapter, after summarizing recent progress in stem cell technol-
ogy for regenerative medicine and separation techniques for specific cells, we
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describe a separation method for stem cells and specific cells using aqueous
two-phase systems and specific antibodies modified with a synthetic polymer.

2
Stem Cells and Regenerative Medicine

Advances in medicine and medical technology have resulted in a tremendous
improvement in health and welfare. However, we are still faced with various
diseases that are difficult to treat using contemporary medicine. For organ
failures (heart failure, renal failure, liver failure) and neurodegenerative dis-
eases (Parkinson’s and Alzheimer’s disease), there is at present no effective
treatment other than the transplantation of organs from human donors or
cells from a fetus. In the case of transplantation, there are many problems
such as immunological rejection, infectious diseases, and a lack of donors,
and the development of a novel treatment method has been desired. During
the past decade, regenerative medicine has appeared as a key technology for
the next generation of medical care [6-12]. Cell therapy and organ repair
using stem cells have become very attractive in regenerative medicine.

A stem cell is generally defined as a cell which can renew and maintain
itself for a long period of time with the potential to commit to a cell or
tissue lineage with specialized functions (Fig. 1). A fertilized egg and em-
bryonic cells in the early stages (to morula) have the ability to form all cell
types including the entire fetus and placenta. Thus, such cells can basically
form whole organs (totipotent). On the other hand, stem cells whose ability
to differentiate is limited to some extent can be acquired from a developing
embryo. Such cells have the potential to differentiate into all cell types com-
posing the human body (pluripotent) in addition to the self-renewal capacity.
ES cells and embryonic germ (EG) cells are classified in this category, and
have the ability to differentiate in vitro into cells of all somatic cell lineages
as well as into germ cells. In recent years, it has been discovered that vari-
ous multipotent stem and progenitor cells exist in adult tissues and organs
to replace lost or injured cells [6,10-17]. Thus, there has been tremendous
progress in the understanding of the mechanism of tissue regeneration. Rep-
resentative somatic stem cells that have been identified and characterized are
neural stem cells in the brain, hematopoietic and mesenchymal stem cells in
bone marrow, and stem cells in each organ (e.g., hepatic oval cells, pancreatic
stem cells) (Fig. 1). If it becomes possible to isolate stem cells and to control
their differentiation, theoretically, all tissues and organs will be able to be re-
generated from ES cells, and a limited variety of tissues and organs will be
able to be regenerated from somatic stem cells (Fig. 2). Human ES cell lines
have been established, and are expected to serve as an unlimited source of
cells for regenerative medicine. Somatic stem cells in adult tissues seem to
play a role in the maintenance of homeostasis. One example is hematopoietic



176 M. Kamihira - A. Kumar

Totipotent Zygote
v

Morula
. ¥
Pluripotent Blastocyst
ICM ———  EScells
/ xw EG cells

Ectoderm : Mesoderm : Endoderm ‘Germ cells

Multipotent G@ :C'
¥y T ey
Progenitor tllm: mmi mtIL

Organs Brain  Skin : Blood Muscle:lntestine Liver
Organs Somatic stem cells Cell types induced
Brain Neural stem cell ————Neurons, Astrocytes,

Oligodendrocytes

— Blood vessel stem cell ————Blood vessel cells
— Hematopoietic stem cell Blood cells, Hepatocytes

Bone _|
marrow

— Mesenchymal stem cell Osteocytes, Chondrocytes,
Tenocytes, Ligament cells,
Myocytes,Stromal cells,
Adipocytes, Smooth muscular
cells, Cardiomyocytes,
Pericytes, Endotherial cells,

Neuronal cells

Hepatocytes

Adipose — Adipose-derived stem cell

tissue Osteocytes, Chondrocytes,

Myocytes, Adipocytes, Smooth
muscular cells, Cardiomyocytes,
Neuronal cells

Liver Hepatic stem cell (oval celll —Hepatocytes

Pancreas — Pancreatic stem cell ————— Pancreatic cells

Fig.1 Classification of stem cells. A Hierarchy of stem cells. B Examples of somatic stem
cells

stem cells, which continue to supply blood cells through self-renewal and dif-
ferentiation. The transplantation of hematopoietic stem cells has been used
for tissue regeneration in the clinical setting.

Recent studies have revealed that multipotent somatic stem cells from
adult tissues and organs are almost comparable to ES cells with respect to
their ability to differentiate into various tissues in vitro and in vivo [9, 18-20].
The function is termed “stem cell plasticity”. For example, bone marrow-
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derived mesenchymal stem cells can differentiate not only into osteoblasts,
chondrocytes, myocytes, tenocytes and adipocytes, but also into neuron-
like cells. Some sorts of stem cells such as neural stem cells isolated from
brain can be cultured to multiply now. Further comprehensive studies on the
growth and differentiation of somatic stem cells will make it possible to use
them for biomedical research, tissue engineering, regenerative medicine, and
organ repair in the near future.

3
Procedures for Cell Separation

Various procedures have been used to separate cells [21-23]. The proced-
ures applied to the separation of substances such as proteins have been used
for cell separation as well. Cell sorting (flow sorting) based on flow cytome-
try was developed as a specialized technique for specific cell separation using
an automated device. Methods used for cell separation are summarized in
Table 1. They are classified into two categories: those methods based on a dif-
ference in a physicochemical property such as density and electrostatic and
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Table 1 Cell separation procedures

A. Separation procedures based on physicochemical properties

Centrifugation Differential centrifugation
Density gradient centrifugation

Unit gravity sedimentation

Precipitation

Aqueous two-phase extraction

Filtration (glass wool, nylon wool)

Electrophoresis

B. Separation procedures based on specific cell-surface

Affinity chromatography
Affinity filtration
Affinity partitioning
Affinity precipitation
Flow sorting

Magnetic separation

hydrophobic character of the cell surface and those based on the expres-
sion of a marker protein. Centrifugation, unit gravity sedimentation, aqueous
two-phase extraction, and electrophoresis are classified in the former cat-
egory, and affinity chromatography, affinity filtration, affinity partitioning,
flow sorting, and magnetic separation using ligand-modified magnetic par-
ticles are classified in the latter.

The procedures often used for separation of stem cells - density gradient
centrifugation, flow sorting, and magnetic separation - are described in detail.

3.1
Density Gradient Centrifugation

Centrifugation is frequently employed for bulk treatment of cells rather than
precise separation [21,24, 25]. Density gradient centrifugation is superior to
differential centrifugation, which utilizes a difference in sedimentation speed
based on the density of cells (or size), in terms of separation performance
and cell recovery. While differential centrifugation is performed in a homo-
geneous solution, density gradient centrifugation is conducted in a solution
with a heterogeneous density gradient to make bands of cells in the solu-
tion corresponding to the density and size of cells. There are two modes of
operation in density gradient centrifugation; rate-zonal and isopycnic (equi-
librium) (Fig. 3). In rate-zonal centrifugation, the cell suspension is placed
on the top of the resolution solution forming a density gradient. Under cen-
trifugal force, cells move in the solution with a different speed depending on
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Fig.3 Operation modes in density gradient centrifugation. A Rate-zonal centrifugation.
(a) A centrifuge tube is filled with a density gradient solution. (b) A cell suspension is
added to the top of the gradient solution. (c) Cells move with a different speed depend-
ing on cell size during centrifugation. B Isopycnic centrifugation. (d) A cell suspension
is mixed with a gradient material. Alternatively, cells are applied to the top of a density
gradient solution. (e) After centrifugation, a density gradient forms in the solution, and
cell bands are formed at a density balanced with the density of cells

their size, and separate from each other to make bands consisting of a cell
group sharing a similar sedimentation speed (size). The density gradient of
the solution increases at the bottom and the density of the solution is set up
below the density of cells. Therefore, when centrifugation continues, all cells
are pelleted at the bottom. On the other hand, with isopycnic centrifugation,
the density of the solution at the bottom is greater than the density of the
cells. Consequently, cells do not reach the bottom even after centrifugation for
a long time, and bands of cells are formed at a density balanced in the gradi-
ent to the density of cells. Cells are applied to the top of the density gradient
solution and then centrifuged for separation. Alternatively, the solution con-
taining a gradient material and cells are mixed first, and then centrifugal force
is applied to make a density gradient during cell separation. However, the
latter procedure is rarely performed, since the processing takes a long time.
Since type-specific separation is difficult with this method, it is often used for
pretreatment in the separation of stem cells.

3.2
Flow Sorting Using a Flow cytometer

Flow sorting is a specialized cell separation procedure in which cells are ana-
lyzed and sorted at the same time using an automated cell analysis technology
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based on flow cytometry [26-32]. It is a well-known method for precise
cell sorting, generally using an automatic device called a fluorescence acti-
vated cell sorter (FACS). Target cells are labeled with fluorescence, and the
device separates cells according to the strength of fluorescence. For the la-
beling of target cells, antibodies to cell-surface marker proteins expressed in
target cells are conjugated with fluorescent dyes, or fluorescent-labeled sec-
ondary antibodies are used for detection of specific antibodies. Cells after
the labeling treatment are subjected to FACS. A schematic drawing of FACS
is shown in Fig. 4. Each cell in the cell suspension flows through the light
path of a laser beam. During this time, light signals such as fluorescence,
light-scattering and absorbance are measured. Based on this information,
a cell emitting fluorescence at a specific wavelength with a certain strength
is selected instantly, and the liquid flow is cut to form a droplet containing
the cell. It is possible to collect the droplet by sending an electric current
to polarized boards, since a liquid drop is electrostatically charged. The
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Fig.4 Schematic drawing of the flow cytometer
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Table 2 Identification markers for human stem cells

Stem cells Markers

Hematopoietic stem cells Lin(-), CD34, CD133, CDCP1, C-KIT, KDR, VEGFR1

Mesenchymal stem cells CD49a, CD45(med/low), CD166, CD105, CD73,
HLA-ABC, HLA-DR(-)

Adipose-derived stem cells CD9, CD29, CD49d, ICAM-1(CD54), CD105,
ALCAM(CD166), CD44, CD71, CD90, CD146, CD55,
CD59, HLA-ABC, HLA-DR(-)

Neural stem cells GFAP*, Sox1*, Sox2*, Nestin*, Musashi*

ES cells SSEA-3/-4, TRA-1-60/81, GCTM-2, TG-343, TG-30, CD9,
CD133, ALP*, Oct-4*, Nanog*, Sox2*

* Intracellular markers

fractionation of cells is achieved one cell at a time. The advantage of this
method is high sensitivity and high resolution, since an individual cell is
processed based on the fluorescence of each cell using a highly specific anti-
body. By labeling cells with several kinds of antibodies and fluorescent dyes
at the same time, further complicated separation is also possible. Marker
proteins for stem cells are summarized in Table 2. For example, CD34 is
the most commonly used marker to obtain enriched population of human
hematopoietic stem cells and progenitors. In the case where specific cell-
surface markers to sort cells are not available, a reporter construct, in which
a fluorescent protein expressed under the control of a specific promoter is
inserted, is introduced into cells to make a fluorescent mark on specific
cells [7].

3.3
Magnetic Separation

In the magnetic separation of cells, specific cells are first labeled with fine
magnetic particles, and then the labeled cells are separated using a mag-
net [17,33-39]. The procedure is theoretically very simple, and is very ef-
fective if successful. The labeling of target cells with fine magnetic particles
is accomplished using specific antibodies modified with magnetic particles.
The particles should be small enough not to self-aggregate, but large enough
for easy magnetic separation when they adsorbed on cells. In addition, the
particles should exhibit minimal nonspecific adsorption to cells and ease of
conjugation to antibodies. Magnetic particles 0.2-2 um in diameter are fre-
quently employed. The separation of cells labeled with magnetic particles is
achieved using either a solid magnet or an electromagnet. A device using
an electromagnet is presented in Fig. 5 [33]. A magnetic field produced by
an electromagnet is applied to a glass column filled loosely with fine stain-
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Cell suspension treated with
immuno-magnetic particles

Stainless steel wire ._.

Electromagnet Electromagnet

Fig.5 Apparatus for the magnetic separation of cells

less steel wire. When the target cells labeled with magnetic particles pass
through the column, they are attracted to the surface of the steel wire. The
magnetic field formed when the steel wire is magnetized declines drasti-
cally away from the surface of the steel wire. Thus, a large magnetic field
gradient is formed in the space between wires. This magnetic field gradi-
ent is not generated without a steel wire, even using a powerful magnet.
The steel wire should be loosely filled so that cells are not captured mech-
anically, but the wire bed should be long enough for magnetic capture of
cells because the distance of the magnetic field forming between wires is
short.
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4
Specific Cell Separation Using Affinity Partitioning
in Aqueous Two-Phase Systems

As described above, in order to separate specific cells as a group sharing a spe-
cific function, the cells marked using a fluorescent-labeled antibody against
a cell surface protein are isolated using a specific apparatus such as a flow cy-
tometer. With this method, several kinds of specific antibodies can be used
for the labeling of cells at the same time, and thus a precise separation of
cells based on the kind and amount of marker proteins expressed on the
cell-surface can be performed. However, the equipment needed is expen-
sive and so the method is unsuitable for mass processing on a large scale.
For cell separation in the field of regenerative medicine, a precise fractiona-
tion achieved only by flow cytometry is not required in most cases, but it is
assumed that large quantities and quick processing will be demanded. There-
fore, simple procedures such as centrifugation and sedimentation are still the
mainstream of cell separation in this field. However, such procedures are in-
sufficient for the separation of a cell group sharing some function, and there
are many needs for the specific separation of functional cells based on the
sorting ability of an antibody. In recent years, a cell separation system based
on magnetism using antibody-modified fine magnetic particles has attracted
a great deal of attention in the field of cell separation, but a special device for
the magnetic separation of cells is necessary for large scale processing.

As a simple method without needing a special device, we developed a cell
separation procedure using aqueous two-phase systems and an antibody modi-
fied with a synthetic polymer for the specific partitioning of target cells [40].

4.1
Aqueous Two-Phase System

Aqueous two-phase systems, in which both phases contain more than 80%
water, are formed when a water-soluble polymer such as polyethylene glycol
(PEG) is mixed with dextran or salts in water. Liquid-liquid extraction in the
aqueous two-phase system has provided a gentle procedure for the separation
of biological substances such as proteins, organelles and cells, without the loss
of their biological activity [41-43]. Although we cannot apply the system to
cell separation if the components seriously affect cell viability, aqueous two-
phase systems comprising PEG-dextran have low toxicity for cells in practical
concentrations [44-48]. In addition, the separation method is scalable and
suitable for large-scale separation from a characteristic of liquid-liquid ex-
traction. To date, various biological substances have been used for separation
with aqueous two-phase systems, and specific partitioning of the target to one
of the phases has been a major problem. In order to achieve specific parti-
tioning, an affinity ligand, which is unmodified or modified to partition to
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one of the phases (mostly the upper phase), has been introduced into the
two-phase system. In the separation system, a target substance bound to an
affinity ligand is specifically partitioned to the phase to which the affinity
ligand is partitioned. As the ligand, fatty acids [49], peptides [50], triazine
dyes [51, 52], and metal ions [53-55] have been used for protein separation.
Protein ligands such as antibodies have been also used for a highly spe-
cific separation [45, 56, 57]. Protein ligands are often modified with an upper
phase polymer, PEG, pH-sensitive or temperature-sensitive soluble-insoluble
polymers, or magnetic particles to promote the specific partitioning and easy
separation [58-61].

In our separation system, a monoclonal antibody against a cell surface pro-
tein was modified with a temperature responsive polymer, poly-N-isopropyl
acrylamide (polyNIPAM) [62, 63], because of the low non-specific adsorp-
tion character and sharp temperature response behavior [64]. Using the
polyNIPAM-modified antibody partitioned to the upper-phase in the PEG-
dextran aqueous two-phase system, we partitioned cells expressing the sur-
face antigen to the upper phase, and specific cells could be concentrated and
separated from other cells at the interface of the two phases after applying
gentle centrifugation (Fig. 6).

4.2
Modification of Antibody with PolyNIPAM

An outline of the modification procedure for antibodies with polyNIPAM is
shown in Fig. 7. First, antibodies dissolved in phosphate buffer were treated
with itaconic anhydride in the presence of glucose to introduce C—-C dou-
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ble bonds into multiple amino groups within an antibody. Successively, the
derivatized antibodies were copolymerized with NIPAM by radical copoly-
merization to produce antibodies modified with many polyNIPAM chains
mediated by itaconate. With the optimization of the amount of NIPAM during
the reaction, polyNIPAM-modified antibodies were obtained with 80% yield
without the loss of antibody activity. PolyNIPAM is temperature-sensitive,
and its soluble-insoluble character in water can be controlled by a change
in temperature. Figure 8 shows temperature responsive behavior of native
polyNIPAM and anti-CD34 antibodies modified with polyNIPAM. PolyNI-
PAM precipitates from aqueous solutions at 32-35 °C as a result of the pro-
gressive increase in intra- and intermolecular hydrophobic interactions with
elevating temperature. This temperature is called the cloud-point or lower
critical solution temperature (LCST) of the polymer. The homopolymer of
polyNIPAM showed a sharp phase transition at around 33 °C. The conjuga-
tion of the polymer with protein molecules makes it slightly hydrophilic com-
pared with native polyNIPAM, and thus elevated the LCST of the copolymer.
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The cloud-point was increased to 37-47 °C depending on the degree of modi-
fication of the polymer and salt concentration in the solution. In the presence
of more than 0.15 M NaCl, polyNIPAM-modified antibodies precipitated from
the solution at or below the cloud-point temperature of native polyNIPAM.
Thus, polyNIPAM-modified antibodies can be completely recovered from the
solution by a change in ambient temperature. In addition, polyNIPAM and
polyNIPAM-modified antibodies were completely partitioned to the upper
phase when they were introduced into PEG-dextran aqueous two-phase sys-
tems (Fig. 9).
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Fig.9 Photographs of polyNIPAM solution and aqueous two-phase system containing
polyNIPAM and antibody-polyNIPAM conjugates. A Precipitation of polyNIPAM in re-
sponse to temperature change. B Partitioning of polyNIPAM in an aqueous two-phase
system (4% PEG8000-5% dextran T500). C Partitioning of cells in an aqueous two-phase
system (4% PEG8000-5% dextran T500) containing antibody-polyNIPAM conjugate.
(a) Partitioning of antiCD34-polyNIPAM conjugate (32 °C). (b) Partitioning of KG-1 cells
in the absence of antiCD34-polyNIPAM conjugate (bottom phase). (c) Partitioning of
KG-1 cells in the presence of antiCD34-polyNIPAM conjugate after centrifugation at
1000 rpm for 5 min (interface)

43
Distribution Behavior of Cells

In a previous study on the partitioning of specific cells using aqueous two-
phase systems, no toxic effect on animal cells was observed in an aqueous
two-phase system composed of 4% PEG8000-5% dextran T500. Therefore,
the system was employed for cell separation using polyNIPAM-modified anti-
bodies. Since the distribution of cells is affected by the concentration of NaCl
added to the system, the effects of the NaCl concentration on the partition-
ing of cells with or without polyNIPAM-modified antibodies were examined.
In this experiment, three kinds of antibodies (anti-CD34, CD2 and erbB2)
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were modified with polyNIPAM, and the distribution of the cells expressing
the surface proteins recognized by the respective antibodies, was examined
(Fig. 10). Without application of the antibody conjugates, the cells preferen-
tially distributed to the upper phase in the absence of NaCl. However, when
NaCl was added at up to 0.15 M, the cells were pushed down to the bottom
phase. No cell was partitioned to the upper phase at 0.15 M NaCl, whereas less
than 10% of cells distributed to the upper phase at the critical concentration
of 0.1 M NaCl. The specific partitioning of the cells to the upper phase was

g " KG-1
g 80 - 7 7 anti-CD34-poly(NIPAM)
5 :
- -
H
8
- E
s
.‘E‘
3 20
o

o 0 0.05 0.1 0.13 0.15
g 10 7 Jurkat
ﬁ 80 7 7_ anti-CD2-poly(NIPAM)
. ]
'
g 60
£
2
t
& 20 ’
o
s 7 ﬁ

o 0 0.05 0.1 0.13 0.15
2 10 BM-314
o anti-erbB2-poly(NIPAM)
77
B ./ -
oo 77
2
Z
i oa 77
£ ]
5 w

0 0.05 0.1 0.13 0.15

NaCl concentration (M)

Fig. 10 Affinity partitioning of cells in an aqueous two-phase system (4% PEG8000-5%
dextran T500) containing antibody-polyNIPAM conjugates
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accomplished by adding the antibody conjugates in the aqueous two-phase
system. Ideally, it is preferable that the cells bound to the antibody conjugates
are partitioned to the upper phase and all of the other cells are partitioned to
the bottom phase. When the NaCl concentration increased, the distribution
of the specific cells to the bottom phase increased. Since the antibody conju-
gates were always partitioned to the upper phase without applying the cells
and since the cells tended to partition to the bottom phase in the presence of
a high concentration of NaCl, the cells seem to be pushed down to the bottom
phase when an insufficient amount of the antibody conjugates bound to the
cells. In the all antibody-cell combination, the ratio of specific partitioning of
the cells to the nonspecific partitioning became maximal on the addition of
0.1 M NaCl. Therefore, this was determined as the optimal condition for spe-
cific cell separation using the antibody conjugates in the aqueous two-phase
system. Figure 11 shows cell partitioning at different ligand densities. The in-
crease in the ligand density is effective in improving the specific partitioning
of cells to the upper phase. Maximum cell partitioning (93%) was observed
when the ligand concentration was 40 jug/mg polymer (80 png/1.4 g-system)
for the treatment of 3.5 x 10° cells. Table 3 shows the partitioning coefficient
(ratio of the cell concentration distributed to the upper phase to the cell con-
centration distributed to the bottom phase) of the cells. Almost all of the
cells partitioned to the bottom phase without the additive or with native
polyNIPAM. With the addition of the antibody conjugates, more than 90%
of cells distributed to the upper phase. Since the antibodies modified with
polyNIPAM can be precipitated from the solution by temperature change, the
unused antibodies were recovered from the upper phase and reused for the
second cycle of cell separation. Although the partition coefficient of cells for
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Table 3 Effect of antibody conjugate on partition coefficient of cells

Partition coefficient (-)

KG-1 Jurkat BM-314
Control (without conjugate) 0.12 (10%) 0.08 (7%) 0 (0%)
PolyNIPAM 0.19 (15%)  0.19 (15%) 0.08 (7%)
Antibody-polyNIPAM conjugate 18.6 (93%) 8.7 (78%) 7.0 (84%)
Recycled antibody-polyNIPAM conjugate 5.0 (75%) 3.9 (70%) 3.5 (73%)

Values in parentheses are the percentage of viable cells partitioned to the upper phase

the second separation decreased due to the decreased antibody conjugates
added to the two-phase system by the incomplete recovery of the antibodies
from the upper phase, it is possible to use the recovered antibody conjugates
for cell separation (Table 3).

4.4
Specific Separation from Cell Mixture

As a model cell separation system, the specific separation of KG-1 cells from
Jurkat cells was examined using anti-CD34 antibodies modified with polyNI-
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Fig.12 Specific separation of the mixture of KG-1 and Jurkat cells
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PAM in the aqueous two-phase system (Fig. 12). CD34 surface antigen is
recognized as an important marker for hematopoietic stem cells and some so-
matic stem cells. Thus, this system can be a good model for the separation of
CD34-positive cells from bone marrow or peripheral blood. More than 80%
of the KG-1 cells (CD34-positive) were partitioned to the upper phase for the
all cell ratio tested. Complete separation was achieved when the cell ratio was
80 (KG-1) : 20 (Jurkat). As the Jurkat cell proportion was higher in the cell
mixture, the KG-1 cells in the upper phase were slightly contaminated with
Jurkat cells. It was possible to achieve a more complete separation of KG-1
from Jurkat cells when the separated cell mixture was again applied to the
aqueous two-phase system containing the antibody conjugates or when the
NaCl concentration was increased to 0.15 M, although the recovery of cells
slightly decreased. In the practical separation of stem cells, target cells often
occupied a small proportion of the cell mixture (e.g., 1-4% CD34" cells in
human bone marrow cells). Therefore, it is necessary to design a separation
procedure accompanied by recovery and purity according to the purpose.

5
Conclusion

In the field of regenerative medicine, it seems that the demand for the sep-
aration of functional cells is increasing. Now, it is thought that cell sorting
using a flow cytometer is the most powerful and decisive method for cell sep-
aration, but it is still necessary to provide a separation method that satisfies
the demand for each separation. The cell separation method with an aque-
ous two-phase system using antibody conjugates described here, will be very
useful, when large numbers of cells are to be processed for the separation of
specific cells based on the antibody binding to a cell-surface marker protein.
In order to separate specific cells precisely, the use of monoclonal antibodies
is essential. Many marker proteins are identified for various cell types, and
many antibodies against marker proteins are commercially available. How-
ever, since such antibodies are very expensive, the efficient use of antibodies
is necessary in large scale processing. The method may have an advantage in
this point.

Judging from the results that specific cell portioning to the upper phase de-
creased in the presence of higher concentrations of NaCl, it is assumed that
the cells partitioned to the upper phase at higher concentrations of NaCl are
expressing the marker protein at a high level. In the analysis using a flow
cytometer, it is possible to separate cells based on the difference in the expres-
sion level and the combination of plural marker proteins. With the present
method, by changing the salt concentration in the system and/or polymer
composition to be modified to antibodies, a more precise separation based on
cell-surface marker proteins may become possible.
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The separation process of specific cells will become more and more im-
portant in the realization of higher medical care using the stem cell technol-
ogy. It is still necessary to develop effective and reliable separation procedures
for specific cells.
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