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SYSTEMS AND METHODS FOR ANALYZING 
AND MANIPULATING BIOLOGICAL 

SAMPLES 

RELATED APPLICATIONS 

0001. This application is a divisional of U.S. patent appli 
cation Ser. No. 12/086,780 filed Jun. 19, 2008, which is a 
National Phase of PCT Patent Application No. PCT/IL2006/ 
001279 having International filing date of Nov. 6, 2006, 
which claims the benefit of priority under 35 USC 119(e) of 
U.S. Provisional Patent Application No. 60/751.296 filed 
Dec. 19, 2005. The contents of all of the above applications 
are incorporated by reference as if fully set forth herein. 

FIELD AND BACKGROUND OF THE 
INVENTION 

0002 The present invention relates to systems and meth 
ods for analyzing samples, in particular cell samples and, 
more particularly, to a cell sorting system which enables 
accurate and rapid sorting of individual cells based on mag 
netic properties of cell specific tags as well as other charac 
terizing properties and in addition enables efficient cell 
manipulation (e.g. genetic engineering) followed by optional 
cryo preservation at A single cell level. 
0003) Numerous approaches for screening samples for the 
presence of specific cell types or analytes are known in the art. 
For example, fluorescence activated cell sorting (FACS) is a 
technique often used to identify and isolate cells of interest 
based on the presence of a cell specific optical marker. Mag 
netic activated cell sorting (MACS) is also known in the 
literature and is based on the presence of a cell specific mag 
netic marker. 
0004 Isolation of specific cell types from cell samples 
(e.g. biological samples or cell cultures) is important in both 
diagnostic and therapeutic medicine. 
0005 For example, identification of specific cell types in a 
cell sample derived from a Subject can indicate the presence 
of a pathology (e.g. cancer) or predisposition to Such apathol 
ogy while isolation of adult stem cells (e.g. mesenchymal 
stem cells MSCs) can be used in subsequent cell therapy. 
0006. The latter use is of particular importance since strat 
egies for regenerating tissue are being developed in response 
to a range of clinical needs, including replacement of dam 
aged or genetically absent metabolic functions and repair or 
restructuring of damaged tissues. 
0007 Due to limitations associated with isolation and use 
of embryonic stem cells, MSCs and hematopoietic stem cells 
(HSCs) are increasingly gaining favoras potential sources for 
cell therapy. Such cells can be used to generate neural, skel 
etal as well as hematopoietic progenitors and as Such can be 
used in a variety of cell based therapies. 
0008 Isolation of specific cell types is typically effected 
through unique cellular markers or characterizing traits. 
Separation procedures, such as FACS, typically utilize tags 
(e.g. fluorescent antibodies) that specifically bind the cell of 
interest. Such tags can be directed at cell Surface markers 
(e.g., CD4 and CD8 on lymphocytes) or at cytoplasmic or 
nuclear markers (specific gene sequence). 
0009. The key steps in the process of separation is the 
ability to identify and label a particular marker?characteristic 
of interest on a cell using a cell specific tag and use a property 
of the tag to manipulate the cell. Numerous types of tags exist 
in the art including fluorescently labeled antibodies, antibod 
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ies linked to a member of a binding pair (e.g. avidin-biotin), 
receptor-specific ligands labeled with fluorescent dyes and 
the like. For a review of commonly used cell tags, please see, 
Introduction to Flow Cytometry, Cambridge University 
Press, James V. Watson, Apr. 26, 1991). 
0010. One approach for cell manipulation involves use of 
tags, which include magnetic, conductive or paramagnetic 
particles. Such tags can be manipulated by a magnetic field 
and thus cells attached thereto can be isolated using the mag 
netic property of the tag. A review of magnetic cell tagging 
approaches is provided by Chalmers etal in “Flow Through, 
Immunomagnetic Cell Separation Biotechnol (Prog. 1998, 
14, 141-148; and DePalma in “Developments in Biomagnetic 
Separations Focus on New Affinity Mechanisms” (Genet. 
Eng. News 1997, 17, 11.). 
0011 Although systems capable of magnetic separation 
of tagged cells are known in the art such systems are inca 
pable of typing non-tagged cells and thus are limited to bulk 
sorting and isolation of desired cells only. In addition, prior 
art systems are also limited by a lack of cell manipulation and 
preservation capabilities, and thus cells sorted by Such sys 
tems must be further processed to enable preservation, a 
severe limitation especially in cases were the cells of interest 
must be manipulated as part of the process and stored under 
cell preserving conditions. 
0012. Thus, it would be highly advantageous to have a 
system devoid of the above mentioned limitations, which 
System would be capable of Sorting, isolating, manipulating 
and preserving tagged or non-tagged cells rapidly and easily. 

SUMMARY OF THE INVENTION 

0013. According to one aspect of the present invention 
there is provided a system for qualifying cells of a cell sample 
labeled with a magnetic or magnetizable moiety comprising 
(a) a cell sample holder for holding a cell of the cells and (b) 
a first cell analyzer including: (i) a magnetic field Source for 
applying a magnetic field to the cell; and (ii) a sensor for 
qualifying and/or quantifying an effect of the magnetic field 
on the cell. 

0014. According to further features in preferred embodi 
ments of the invention described below, the system further 
comprises a second cell analyzer for qualifying and/or quan 
tifying a feature of the cell. 
0015. According to still further features in the described 
preferred embodiments the second cell analyzer is capable of 
detecting a morphological feature of the cell, a biochemical 
feature of the cell, a molecular feature of the cell, an electrical 
feature of the cell, a flow dynamics feature of the cell, a 
density of the cell, a membrane permeability feature of the 
cell and an optical feature of the cell. 
0016. According to still further features in the described 
preferred embodiments the system further comprises a cell 
manipulating device. 
0017. According to still further features in the described 
preferred embodiments the cell manipulating device is 
selected from the group consisting of an electroporation 
chamber, an electroporation actuator, an ultrasound actuator, 
a laser actuator, a radiofrequency actuator, a microwave 
actuator, a mechanical actuator and a thermal actuator. The 
cell manipulating device can also be used to introduce and/or 
remove a molecule from the cell. 
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0018. According to still further features in the described 
preferred embodiments the cell manipulating device is 
capable of facilitating preservation of the cellor is capable of 
destroying the cell. 
0019. According to still further features in the described 
preferred embodiments the magnetic field is an electromag 
netic field. 
0020. According to still further features in the described 
preferred embodiments the magnetic field source and the 
sensor are electromagnetic coils. 
0021. According to still further features in the described 
preferred embodiments the magnetic field source and the 
sensor are incorporated into a single electromagnetic coil. 
0022. According to still further features in the described 
preferred embodiments the first cell analyzer is capable of 
producing a transient magnetic field. 
0023. According to still further features in the described 
preferred embodiments the cell sample holder is a capillary 
tube. 
0024. According to still further features in the described 
preferred embodiments an internal diameter of the capillary 
tube is selected so as to restrict passage therethrough to a 
single cell. 
0025. According to still further features in the described 
preferred embodiments the magnetic field source and the 
sensor are each arranged around a circumference of the cap 
illary tube. 
0026. According to still further features in the described 
preferred embodiments the magnetic field source is capable 
of generating a pulsating magnetic field. 
0027. According to still further features in the described 
preferred embodiments the magnetic field source is capable 
of generating a magnetic field of alternating polarity. 
0028. According to still further features in the described 
preferred embodiments the magnetic field source is capable 
of varying a polarity shift of the magnetic field of alternating 
polarity. 
0029. According to still further features in the described 
preferred embodiments the system further comprises a cell 
manipulator capable of manipulating the cell based on the 
effect of the magnetic field on the cell. 
0030. According to still further features in the described 
preferred embodiments the system further comprises a cell 
preservation device for preserving cells. 
0031. According to still further features in the described 
preferred embodiments the cell preservation device is a cryo 
preserver. 
0032. According to another aspect of the present invention 
there is provided a method of identifying cells of interest in a 
cell sample comprising: (a) labeling the cells of interest with 
at least one type of a magnetic or magnetizable moiety; (b) 
exposing each cell of the cell sample to a magnetic field; (c) 
measuring a response of each cell of the cell sample to the 
magnetic field; and (d) identifying the cells of interest accord 
ing to the response. 
0033 According to still further features in the described 
preferred embodiments the response is current generated in a 
coil by a magnetic field of the magnetizable moiety. 
0034. According to still further features in the described 
preferred embodiments the method further comprises the step 
of analyzing at least one feature of at least a Subset of cells of 
the cell sample prior to, during or following step (b). 
0035. According to still further features in the described 
preferred embodiments the at least one feature is selected 
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from the group consisting of a morphological feature, a bio 
chemical feature, a molecular feature, an electrical feature, a 
flow dynamics feature, a density feature, a membrane perme 
ability feature and an optical feature. 
0036. According to still further features in the described 
preferred embodiments the method further comprises the step 
of manipulating cells of interest. 
0037 According to still further features in the described 
preferred embodiments the method further comprises the step 
of separating the cells of interest from the cell sample accord 
ing to the response. 
0038 According to still further features in the described 
preferred embodiments the manipulating includes Subjecting 
the cells of interest to an electroporation field. 
0039. According to still further features in the described 
preferred embodiments the method further comprises the step 
of cryopreserving the cells of interest. 
0040. According to still further features in the described 
preferred embodiments the subset of cells includes unlabeled 
cells. 
0041 According to still further features in the described 
preferred embodiments the subset of cells includes the cells 
of interest. 
0042. According to still further features in the described 
preferred embodiments the cells of interest are labeled with 
two types of magnetic or magnetizable moieties and whereas 
step (d) includes identifying of cells labeled with one type of 
the two types of magnetic or magnetizable moieties or with 
the two types of magnetic or magnetizable moieties. 
0043. According to still further features in the described 
preferred embodiments step (d) is effected by measuring an 
effect of a magnetic field generated by the at least one mag 
netic or magnetizable moiety on an induction coil. 
0044 According to still further features in the described 
preferred embodiments the magnetic field is a pulsating mag 
netic field source. 
0045. According to still further features in the described 
preferred embodiments the magnetic field is of alternating 
polarity. 
0046 According to still further features in the described 
preferred embodiments the magnetic field of alternating 
polarity is of varying polarity shift. 
0047 According to still further features in the described 
preferred embodiments the cell sample is a biological sample. 
0048. According to still further features in the described 
preferred embodiments the cells of interest are stem cells. 
0049 According to still further features in the described 
preferred embodiments the stem cells are adult stem cells. 
0050. According to still further features in the described 
preferred embodiments the adult stem cells are hematopoietic 
stem cells. 
0051. According to still further features in the described 
preferred embodiments the adult stem cells are mesenchymal 
stem cells. 
0.052 According to still further features in the described 
preferred embodiments the cells of interest are fetal cells. 
0053 According to yet another aspect of the present 
invention there is provided a cell preservation device com 
prising a cell chamber being configured for: (a) permeabiliz 
ing a membrane of a cell; (b) introducing a cell preserving 
composition into the cell. 
0054 According to still further features in the described 
preferred embodiments the cell chamber is further configured 
for removing the cell preserving composition from the cell. 
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0055 According to still further features in the described 
preferred embodiments the cell chamber is configured 
capable of performing step (a) and optionally (b) on a single 
cell. 
0056. According to still further features in the described 
preferred embodiments (a) is reversible permeabilization. 
0057 According to still further features in the described 
preferred embodiments the cell chamber includes two cham 
bers separated by a membrane having an opening sized for 
trapping the cell therein. 
0058 According to still further features in the described 
preferred embodiments the device further includes at least 
one pair of electrodes flanking the membrane and whereas the 
membrane is fabricated from an electrically insulative mate 
rial. 
0059. According to still further features in the described 
preferred embodiments the electrically insulative material is 
silicone nitride. 
0060. The present invention successfully addresses the 
shortcomings of the presently known configurations by pro 
viding a system capable of sorting cells of a mixed cell popu 
lation as well as manipulate, genetically modify and cryo 
preserve Such cells. 
0061 Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although methods and materials similar or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention, Suitable methods and 
materials are described below. In case of conflict, the patent 
specification, including definitions, will control. In addition, 
the materials, methods, and examples are illustrative only and 
not intended to be limiting. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0062. The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro 
vided by the Office upon request and payment of the neces 
sary fee. 
0063. The invention is herein described, by way of 
example only, with reference to the accompanying drawings. 
With specific reference now to the drawings in detail, it is 
stressed that the particulars shown are by way of example and 
for purposes of illustrative discussion of the preferred 
embodiments of the present invention only, and are presented 
in the cause of providing what is believed to be the most 
useful and readily understood description of the principles 
and conceptual aspects of the invention. In this regard, no 
attempt is made to show structural details of the invention in 
more detail than is necessary for a fundamental understand 
ing of the invention, the description taken with the drawings 
making apparent to those skilled in the art how the several 
forms of the invention may be embodied in practice. 
0064. In the drawings: 
0065 FIG. 1 schematically illustrates one embodiment of 
the system of the present invention. 
0066 FIG. 2 is a microscope image of a microcapillary 
tube suitable for use with the present invention 
0067 FIG. 3 is a microscope image showing a single cell 
occupying the microcapillary tube of FIG. 2. 
0068 FIG. 4 illustrates placement of the electromagnetic 
coils around the microcapillary tube of the system of the 
present invention. 
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0069 FIG. 5 schematically illustrates circuitry, which can 
be used to construct the cell detector component of the system 
of the present invention. 
0070 FIG. 6 schematically illustrates one embodiment of 
a cell preservation device constructed in accordance with the 
teachings of the present invention. 
0071 FIG. 7 illustrates another embodiment of a cell pres 
ervation device constructed in accordance with the teachings 
of the present invention. 
0072 FIG. 8 is a fluorescent image of cells stained with a 
fluorescent dye following single cell-electroporation in micro 
channels. 
0073 FIG. 9 is a fluorescent image of cells stained with a 
fluorescent dye following single cell-electroporation in micro 
capillaries. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0074 The present invention is of a system and method, 
which can be used to sort, manipulate and preserve cells of a 
mixed cell population. Specifically, the present invention can 
be used to sort, transform and preserve individual cells of a 
mixed population of cells. 
0075. The principles and operation of the present inven 
tion may be better understood with reference to the drawings 
and accompanying descriptions. 
0076. Before explaining at least one embodiment of the 
invention in detail, it is to be understood that the invention is 
not limited in its application to the details set forth in the 
following description or exemplified by the Examples. The 
invention is capable of other embodiments or of being prac 
ticed or carried out in various ways. Also, it is to be under 
stood that the phraseology and terminology employed herein 
is for the purpose of description and should not be regarded as 
limiting. 
0077 Systems for sorting and isolating specific cell types 
are well known in the art. Although Such systems are typically 
efficient in Sorting mixed cell populations, they are oftentimes 
expensive and difficult to operate and lack in-line capabilities 
of cellengineering or manipulation and preservation features. 
0078 While reducing the present invention to practice, the 
present inventors devised a cell sorting system that relies in 
part upon magnetic induction for cell identification while 
incorporating features such as additional cell manipulation 
modalities and in-line cell preservation which are absent from 
prior art systems. 
007.9 Thus, according to one aspect of the present inven 
tion there is provided a system for qualifying cells of a cell 
sample labeled with a magnetic or magnetizable moiety. 
0080. The system of the present invention includes a cell 
sample holder for holding a cell; and a cell analyzer which 
incorporates: (i) a magnetic field source for applying a mag 
netic field to the cell and (ii) a sensor for qualifying and/or 
quantifying an effect of the magnetic field on the cell. 
I0081. The cell holder can be any device capable of holding 
a cell under a magnetic field. Preferably, the cell holder is 
constructed Such that a single cell is exposed to the magnetic 
field at a time. One example of such a cell holder is the 
microcapillary tube described in Example 1 of the Examples 
section. Additional cell holder configurations can include 
porous microbeads, which can accommodate a single cell at a 
time, single cell chambers, or channels. 
I0082. The magnetic field can be applied by a permanent 
magnet (e.g. a neodymium magnet) or by an electromagnet of 
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direct or alternating current. As is further described herein 
below, the use of an electromagnet is presently preferred. 
0083. As used herein, the term “magnetizable moiety’ 
denotes any material, which is characterized by electrically 
conductivity and/or a capability of being magnetized (further 
description of properties can be found in Example 4). 
Examples of magnetizable materials include ferromagnetic 
or paramagnetic materials such as iron, iron oxide, gado 
linium, or gold. 
0084. In order to sort cells of a mixed cell population, a cell 
sample labeled with cell-specific tags which include a mag 
netic or magnetizable moiety (see further description in Table 
1) is loaded into the cell holder and each individual cell is 
exposed to the magnetic field and the effect of such a field on 
the cell is measured thus enabling characterization of the 
magnetic properties of the cell. A more detailed description of 
cell sorting and isolation using the present system is provided 
hereinbelow and in the Examples section which follows. 
0085 Thus, in its simplest configuration, the present sys 
tem enables discrimination between cells labeled with a tag 
having a magnetic or magnetizable moiety and non-labeled 
cells. 

I0086. The effect of the magnetic field on the cell can be 
measured through a change in cell morphology (e.g. a change 
in the cell shape), a change in cell's direction offlow, a change 
in cell velocity (e.g. tagged cells flow at different velocities 
than non-tagged cells) or a change in the electromagnetic 
field around the cell. 

0087 Such an effect can be measured using devices well 
known in the art. For example, morphological changes in the 
cell induced by the presence of a magnetic field can be mea 
Sured using an optical scanning device such as a microscope, 
while cell movement/flow can be measured optically or 
through flow measuring devices (e.g. flow pressure trans 
ducer). 
I0088 Preferably, the effect on the cell is measured via 
induction of current by the magnetic or magnetizable moiety 
of the cell tag. 
0089. The present system can employ one of several detec 
tor configurations for detecting current induction. 
0090. For example, a permanent magnet can be used to 
generate a transient magnetic field around the cell holder (by 
mechanically moving the magnet adjacent to and away from 
the cell holder) and the effect of this field can be measured by 
an induction coil positioned in proximity to the cell holder 
and away from the magnet. 
0091 Alternatively, a cell of the cell population can be 
loaded into a capillary tube Surrounded by an induction coil 
and a current produced in the coil can be measured and used 
to determine the absence or presence of a cell tag having a 
magnetic moiety. 
0092. In a preferred configuration, the present system 
employs a detector utilizing two electromagnetic coils (see 
Example 4 of the Examples section hereinbelow). 
0093. In such a configuration, the present system employs 
a first (transmitter) coil which carries an electrical current and 
a second (receiver) coil which acts as an antenna to pick up 
and amplify electrical currents generated by the moiety of the 
cell tag, which in this case is preferably magnetizable (e.g. 
paramagnetic). The current moving through the first coil cre 
ates an electromagnetic field. The magnetic field interacts 
with the magnetizable moiety of the cell tag causing the 
moiety to generate a weak magnetic field. 
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0094. The second coil is sensitive to the magnetic fields of 
the magnetizable moieties and detects changes produced by 
the presence of the magnetizable moiety on the cell. There 
fore, when the second coil is exposed to the magnetic field of 
the moiety, a small variation in the electric current that travels 
through the coil occurs. The coil amplifies the signal and 
sends it to an analyzer. The analyzer compares the current 
transmitted by the first coil and the current generated in the 
second coil and determines if the cell present in the cell holder 
is labeled with the tag. Further description of the electrical 
circuitry of the coils and detector is provided in Examples 1 
and 4 of the Examples section. 
0.095 The first coil can carry a direct current or an alter 
nating current. An alternating current is advantageous in that 
it facilitates generation of magnetic fields of alternating polar 
ity. Magnetic fields of predetermined alternating polarity can 
be used to further reduce background noise (in the second 
coil), which can arise, from cells and Solutes (ions) present in 
the cell holder. 
0096. A magnetic field of alternating polarity can also be 
used to distinguish between different magnetizable moieties 
and thus use thereof in the present system can be beneficial 
since it enables concomitant use of tags having more than one 
type of magnetizable moieties, which vary in both inductance 
and resistance. By utilizing a phase modulator and a magnetic 
field of alternating polarity, the present system can examine 
the amount of phase shift and compare it with the average for 
a particular type of Substance. The present system can dis 
criminate cells, which produce a certain phase-shift level or 
fall within a certain phase shift segment. 
0097. The above described configuration can also be real 
ized using a single coil which functions in both transmitting 
the electromagnetic filed to the cell and receiving an induced 
magnetic field from the magnetic field generated in the 
magentizable moiety of the cell tag. 
0098. Such a system configuration can use a single AC coil 
as both transmitter and receiver. The coil transmits short 
bursts (pulses) of current, with each pulse generating a brief 
magnetic field. When the pulse ends, the magnetic field col 
lapses very Suddenly, resulting in a sharp electrical spike. 
This spike lasts a few microseconds (millionths of a second) 
and causes another current to run through the coil. This cur 
rent is called the reflected pulse and is extremely short, lasting 
only about 30 microseconds. Another pulse is then sent and 
the process repeats. 
0099. When the magnetic pulse hits a cell tag it creates an 
opposite magnetic field in the magnetizable moiety of the tag. 
When the pulse's magnetic field collapses, causing the 
reflected pulse, the magnetic field of the tag extends the 
reflected pulse's duration, in effect creating a magnetic echo. 
0100. A sampling circuit in the detector is set to monitor 
the length of the reflected pulse. By comparing it to the 
expected length, the circuit can determine if another magnetic 
field has caused the reflected pulse to take longer to decay. If 
the decay of the reflected pulse takes more than a few micro 
seconds longer than normal, there is probably magnetizable 
object (moiety) interfering with it. 
0101 The sampling circuit sends the weak signals that it 
monitors to an integrator. The integrator reads the signals 
from the sampling circuit, amplifying and converting them to 
direct current (DC). The direct current's voltage is connected 
to a readout circuit, which indicates identification of the cell 
as a labeled cell. 
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0102 The above described configurations are advanta 
geous over prior art cell sorters (e.g. the Baxter ISOLEXTM 
3000 System) which typically apply an external electromag 
netic field to a cell population to manipulate a group of 
labeled cells. This leads to an effect on either the flow pattern 
of the labeled cells within a group of cells or in the position of 
the cells within the group. Thus in prior art systems labeled 
cells are treated as part of a group and the separation is a 
statistic process with variable yield. In contrast our methods 
deal with the effect of magnetic fields on each individual cell. 
0103 Indeed, a clinical study that analyzed the Baxter 
ISOLEXTM 3000 System cell sorter concluded that “The 
yield was still poor . . . and further optimization of the tech 
nique for clinical grade cell selection is warranted” (Bjork 
strand, B., et al. A controlled comparison of two different 
clinical grade devices for CD34+ selection of autologous 
blood stem cell grafts. J of Hematotherapy, 1999.8: p. 75-8). 
Specifically, the median yield in the Baxter device was 48%. 
0104. By treating each cell individually, the present sys 
tem can greatly increase sorting efficiency and yield. 
0105. The present system can be used to sort desired cells 
of any type of cell sample, provided that desired cells can be 
specifically labeled by one or more tags. Examples of cell 
samples, which can be sorted using the system of the present 
invention are those obtained from bone marrow, adipose tis 
Sue, peripheral blood, cord blood, spleen and more. 
010.6 Any type of cell specific label, which is modified to 
include a magnetic or magnetizable moiety can be utilized by 
the present invention. Typically, a cell receptor ligand or 
antibody attached to a particle nanometer to micrometers in 
size is utilized for cell labeling. 
0107 Magnetic or magnetizable tags are commercially 
available or can be prepared using well-known methodology 
(see, for example, Monoclonal Antibodies, CRC Press, Paul 
M. Vanhoutte, Zola Zola, Heddy Zola, 1987.). Table 1 below 
provides examples of tags, which can be used by the present 
invention. 

TABLE 1. 

For the specific 
Cell marker isolation of: Source 

CD105 Mesenchymal Stem Multenyi Biotec 
Cells 

CD34 Hematopoeitic stem Multenyi Biotec 
cells 

CDS6 NK Cells Multenyi Biotec 
CD3 T cells Multenyi Biotec 
TCRy/8 TCRy/8 cell Multenyi Biotec 
CD8 T cytotoxic cells Multenyi Biotec 
CD4 T helper cells Multenyi Biotec 
CD4; CD25 Tregulatory cells Multenyi Biotec 
CD 19, 20, 22 B Cells Multenyi Biotec 
CD304 Plasmacytoid dendritic Multenyi Biotec 

cells 
CD141 (BDCA-3) Myeloid dendritic cells Multenyi Biotec 
CD1c(BDCA-1) 
CD14, 11b Moocytes Multenyi Biotec 

Macrophages 
CD16 Neutrophils, Multenyi Biotec 

Eosinophils 
CD15 Granulocytes Multenyi Biotec 
CD61 Megakaryocytes, Multenyi Biotec 

Platelets 
CD71 Erythrobalists, Multenyi Biotec 
CD235a Erythrocytes Multenyi Biotec 
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0108. To label a cell type of interest, cells of the cell 
population are exposed to the tag by mixing the cell popula 
tion with the cell tag under conditions suitable forcell specific 
binding of the cell tag. For example, in the case of a CD105 
specific tag a cell Suspension is prepared from bone marrow 
aspirates or enigmatically digested adipose tissue. Dead cells 
are removed using Ficoll gradient and cell clumps are disag 
gregated/removed using a nylon mesh filter. 107 cells are 
suspended in 80 ul of PBS-BSA-EDTH buffer and then 20 ul 
of CD105 coated microbeads are added to the cells. The cell 
population can then be introduced into the cell holder of the 
present system (in a manner similar to that described in 
Example 1) and the cells individually examined and sorted. 
0109 The system of the present invention also includes a 
cell manipulating device. As used herein, the phrase “cell 
manipulating device' refers to any device capable of physi 
cally manipulating a cell (e.g. changing cell flow, moving the 
cells), chemically or genetically modifying the cell (e.g. 
introducing a composition onto or into the cell, freezing or 
heating the cell, desiccating the cell and the like). 
0110. Examples of a cell-manipulating device include, but 
are not limited to, an electroporation device, an ultrasound 
actuator, a laser, a radiofrequency actuator, a microwave 
actuator, a mechanical actuator and a thermal actuator. 
0111 Specific examples of such devices include systems 
for detecting cell viability (Y. Huang, N. Sekhon, J. Bornin 
ski, N. Chen, B. Rubinsky, “Instantaneous, quantitative 
single-cell viability assessment by electrical evaluation of 
cell membrane integrity with microfabricated devices. Sen 
sors and Actuators. A Vol (105)/1 pp 31-39, 2003). 
0112 Use of an electroporation-capable cell-manipulat 
ing device is presently preferred. An in-line electroporation 
device can be realized by placing a pair of electrodes around 
the cell holder as is exemplified by Example 2 of the 
Examples section, which follows. Alternatively, a dedicated 
chamber fluidly connected to the cell holder can be used to 
electroporate sorted cells (Rubinsky, B. “Microelectropora 
tion for cellomics' in Lab on Chips for Cellomics, Eds. H. 
Andersson and A. van den Berg, Kluwer Academic Publ. 
Dordrecht, pp 123-143, 2004). 
0113. An electroporation device can be used to introduce a 
composition into the cell following or during cell sorting. 
Such a composition can be used to destroy the cell or to 
preserve the cell (e.g. cryopreservant). The composition can 
also be used to chemically or genetically modify the cell. 
Examples of compositions that can be electroporated into the 
cell include, but are not limited to, polynucleotides (e.g. plas 
mids, siRNA, oligonucleotides), polypeptides (e.g. cytok 
ines, anti apoptotic agents, growth hormones) Small mol 
ecules (e.g. anti cancer drags, fluorescent dyes), 
crypreservants (e.g. DMSO, glycerol). 
0114. Further description of cell preservation is provided 
hereinbelow and in Examples 2-3 of the Examples section 
which follows. 
0115 Although cell sorting using the magnetic induction 
properties of cell tags can be used to detect labeled cells, in 
order to efficiently distinguish and separate labeled cells from 
the cell population there is a need for a minimum of two 
different types of cell analyzers. 
0116. The first cell analyzer needs to be sensitive to the 
label moiety, e.g. the magnetic induction analyzer described 
above, while the second cell analyzer needs to be capable of 
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detecting every cell flowing within the cell holder or alterna 
tively only the cells not labeled with the magnetic or magne 
tizable moiety. 
0117 There are several detection systems that can detect 
every type of cell, in the confinement of the cell holder. 
Examples include optical systems such as a CCD camera or 
laser monitoring or fluorescence monitoring, ultrasound sys 
tems, electrical systems capable of detecting currents through 
the cell holder (in a specific frequency domain) and flow 
measurement systems capable of measuring Velocity or pres 
sure in the cell holder. 

0118. Measurements obtained from such additional cell 
analyzers can be Superimposed on top of the magnetic induc 
tion measurements describe above to provide a composite cell 
analysis image. 
0119 Thus, to further enhance cell sorting, the system of 
the present invention preferably also includes a second cell 
analyzer. The second cell analyzer is capable of detecting a 
morphological feature of the cell, a biochemical feature of the 
cell, a molecular feature of the cell, an electrical feature of the 
cell, a flow dynamics feature of the cell, a density of the cell, 
a membrane permeability feature of the cell and an optical 
feature of the cell. 

0120 Examples of such an analyzer include, but are not 
limited to, optical flow cytometry, FACS, electrical flow 
cytometry by Coulter. 
0121 Thus, this embodiment of the present system 
enables analysis of at least two features of each individual cell 
as it flows through a cell holder (e.g. microcapillary). 
0122) This added cell analysis feature of the present sys 
tem greatly enhances cell sorting and clearly distinguishes the 
present system from prior art systems such as that disclosed in 
U.S. Pat. No. 6,597,176. 
(0123. The system of U.S. Pat. No. 6,597,176 relies upon 
magnetic induction to detect the presence or absence and 
quantity of ferromagnetic particles, which can be attached to 
cells; this system cannot detect cells, which are not labeled. 
Since typical cell sorting applications require that each indi 
vidual cell marked with particles be separated from those that 
are not in order to selectively manipulate cells of a mixed cell 
population, efficient separation requires the identification of 
labeled and non-labeled cells at the single cell level, such that 
each cell is manipulated in a different manner (e.g. retain 
labeled cells and discard non-labeled cells or vice versa). 
0.124. Additional cell analysis features that enable identi 
fication of each cell of the cell population (whether labeled or 
not) are not available in prior art systems such as that 
described in U.S. Pat. No. 6,597,176. 
0.125 Aprimary goal of the present system is to separate 
and manipulate the labeled cells differently from those that 
are not labeled. When cross correlation between the different 
cell analyzers indicates that a specific cell is labeled, the cell 
manipulator is utilized to treat the cell in a specific manner 
(e.g. direct the cell into a cell preserving device). This concept 
can be also applied in reverse with undesirable cells being 
labeled with the tag and manipulated in a specific manner 
(e.g. ablated and destroyed). 
0126. A preferred embodiment of the present system 
includes a magnetic induction analyzer coupled with a second 
cell analyzer for measuring electrical impedance of a cell. 
The presence of a cell in the channel will change the electrical 
impedance between the electrodes. When cross correlation 
shows that this cell also possess a magnetic or magnetizable 
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tag, the electrodes can be used to apply a pulse that results in 
electroporation of the cell in order to introduce a desirable 
substance in the cell. 
I0127. It will be appreciated that since cell sorting typically 
leads to Subsequent cell isolation and manipulation, and since 
Some cell types require preservation 
I0128 Several cell preserving configuration can be imple 
mented in the present system. 
I0129. Preferably, the cell-preserving device utilizes elec 
troporation of cells in the presence of a cryopreservant to 
preserve selected cells. 
0.130 Electroporation is a phenomenon that makes cells 
permeable by exposing them to strong, rapid electric pulses 
(43. Weaver, J. C., and Y. A. Chizmadzhev. Theory of elec 
troporation: a review. Bioelectrochem. Bioenerg. 41: 135 
160, 1996.). It is commonly used in medicine and biotech 
nology for the introduction of non-permeable chemical 
species across the cell membrane, from Small molecules Such 
as fluorescent dyes, drugs and radioactive tracers to high 
molecular weight molecules such as antibodies, enzymes, 
nucleic acids, dextrans and DNA. 
I0131 Once a cell is permeabilized, transport across the 
membrane is primarily dictated by the size of the molecule: 
Small molecules generally enter via diffusion and larger mol 
ecules require electrophoretic forces from Subsequent pulses 
to enter the cell. The effect of electrical pulses on the cell 
membrane depends on several electrical pulse parameters, 
Such as pulse amplitude, shape, and length repetition rate. As 
a function of these various parameters, the electroporation 
pulse can either have no effect on the cell membrane, revers 
ibly open the cell membrane or irreversibly open the cell 
membrane. 
I0132 Cryopreservation, the preservation of biological 
materials by freezing is now a common approach in biotech 
nology and medicine. Freezing is used for storage of biologi 
cal materials since low temperatures slow biochemical reac 
tions. The mechanisms involved in cryopreservation of 
biological materials were thoroughly explored during the last 
century, and are presented in numerous studies (Fahy G. M. 
Wowk B, Wu J. Cryopreservation of complex systems: the 
missing link in the regenerative medicine Supply chain. Reju 
venation Res. 2006: 9(2):279-91). 
0.133 Such studies have uncovered that survival of cells 
preserved at low temperatures (e.g. in liquid nitrogen) 
depends on the cooling rate during freezing which follows a U. 
shaped curve, with optimal Survival achieved at a particular 
rate of cooling and Survival decreasing at higher and lower 
cooling rates. It has been found that chemicals such as Dim 
ethylsulfoxide and glycerol can improve cell Survival during 
freezing at Suboptimal cooling rates when introduced into the 
cell by diffusion through the cell membrane. The preservation 
mechanism is achieved by dilution of the intracellular ionic 
composition. However, since cryoprotectant chemicals can 
be toxic to the cell and thus when designing cryopreservation 
protocols, the cryopreservant, its concentration and the mode 
of introduction thereof into cells and removal from the cells 
play an important role. The cryoprotectant commonly used 
for cell cryopreservation is Dimethyl sulfoxide (Me2SO). 
Me2SO can cause a variety of mild to moderate side effects 
including nausea, vomiting, and diarrhea (Davis, J. M., S. D. 
Rowley, et al. (1990). “Clinical toxicity of cryopreserved 
bone marrow graft infusion.” Blood 75: 781-786. Me2SO 
also can induce histamine release and cause side effects that 
range in severity from rashes and flushing to hypotension, 
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bronchospasm, pulmonary edema and respiratory compro 
mise Hypertension may result from the effect of Me2SO on 
smooth muscle (Davis, Rowley et al. 1990 Ibid). The second 
reason for complications resulting from cryopreservation is 
related to damage of cells during the cryopreservation and 
thawing process. Lysis of cells results in cell debris and cell 
aggregates which can lead to pulmonary emboli (Fautsch et 
al. 1991, Ibid). Children undergoing chemotherapy are con 
sidered to have reduced circulatory and renal reserves and 
may be at increased toxicity risk due to marrow infusion 
Okamoto, Y.Y. Takaue, et al. (1993). “Toxicities associated 
with cryopreserved and thawed peripheral blood stem cell 
autografts in children with active cancer.” Transfusion 33: 
578-581). Attempts to remove DMSO or unwanted dead cells 
following thawing of marrow have been largely unsuccessful 
due to technical difficulties. In addition, such methods have 
been clinically ineffective in reducing side effects of marrow 
infusion Stroncek, D. F. S. K. Fautsch, et al. (1991). 
“Adverse reactions in patients transfused with cryopreserved 
marrow.” Transfusion 13(6): 521-526. 
0134. Thus, two main parameters affect successful cryo 
preservation, controlled and optimal cooling rates and con 
trolled and optimal introduction and removal of cryopro 
tectant chemicals from cells. 
0135 While further reducing the present invention to 
practice, the present inventors have realized that a cell sorting 
system would benefit from an in-line cell preserving device 
which is capable of introducing a cryopreservant into selected 
cells and is further capable of efficiently removing such a 
cryopreservant from the cell. 
0.136 Thus according to another aspect of the present 
invention there is provided a cell preservation device which is 
capable of preserving individual cells. It will be appreciated 
that although the cell-preserving device of this aspect of the 
present invention finds use in the present system, it can also be 
adapted for use with any cell sorting or manipulating device. 
0.137 The cell preserving device of the present invention 
includes a cell chamber which is configured for permeabiliz 
ing a membrane of a cell and introducing a cell preserving 
composition into the cell. 
0.138. Several configurations of the cell chamber can be 
utilized by the cell preserving device of the present invention 
provided Such configurations enable electrophoretic manipu 
lation of a cell membrane of a single cell. 
0.139. One preferred embodiment of a cell chamber is 
described in Example 2 of the Examples section, which fol 
lows. Such a chamber configuration employs two chambers 
(or a split chamber) separated by a non-conducting mem 
brane (e.g. silicon nitride) having an opening sized and con 
figured for trapping a single cell therein. Such an opening can 
be a circular hole having a diameter ranging from several 
hundred nanometers to several hundred microns depending 
on the cell targeted from electroporation. For example, in the 
case of CD105 Mesenchymal Stem Cells, such an opening 
has a diameter of about 5 microns. 

0140. The chambers are fitted with electrode pairs, which 
generate a an electrical field which is focused at the cell 
membrane since the cell represents the only conductive path 
through the membrane. As is described in more detail in the 
Examples section, such a current permeabilizes the cell mem 
brane and enables introduction of a cryopreservant present in 
one of the chambers into the cell. The magnitude and pattern 
of the current generated by the electrodes depends on the cells 
electroporated and the cryopreservant type. In general elec 
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trical fields that produce reversible electroporation range 
from 200V/cm to 500V/Cm and the application time is from 
100 microsecond to 1000 microseconds. 
0.141. The cell preservation device further includes a cool 
ing and optionally heating device which functions in freezing 
the cells following introduction of the cryopreservant. 
Examples of such a device include Peltier cooling system. 
Sucha device can function at the single cell level or on agroup 
of cells. In any case, electroporated cells can be frozen 
directly in the cell chamber or in a second dedicated chamber. 
0142. Cell freezing is preferably effected on single cells 
via a directional Solidification approach. Single cells are set 
upon a thermally conductive Substrate and freezing is per 
formed by controlling the temperature of the substrate and the 
positioning of the cells on the substrate. For further detail on 
directional solidification, please see U.S. Pat. No. 4,531,373. 
0143. Thus, the present cell preservation device enables 
single cell cryopreservation. It will be appreciated that an 
added advantage of a device, which is capable of electrophor 
ating single cells, is efficient removal of a cryopreservant 
from the cells. 
0144. Since cryopreserved cells are likely to be used in 
Subsequent human or animal therapy (see below), efficient 
and complete removal of the cryopreservant without damag 
ing the cell is highly desirable. Thus, the present cell preser 
Vation device is also configured capable of removing the 
cryopreservant from individual cells. 
0145 To effect such removal, the cell is again trapped 
within the opening of the membrane and the electrophoresis 
field is reversed with the same parameters and time as during 
the introduction of the cryoprotectants. AS is mentioned here 
inabove, cell sorters find use in various applications including 
research, diagnostics and therapeutics. 
0146 Thus, the present system can be utilized in various 
diagnostic procedures, including, for example, identification 
offetal cells in maternal blood or identification of pathogenic 
cells in a tissue or blood sample. 
0147 For example, sorting of cell samples derived from 
tissue and isolation and optionally cryopreservation of poten 
tially tumorous cells can represent a first step to cell charac 
terization and diagnosis e.g. detection of circulating cancer 
cells in the peripheral blood: Baran J. Pituch-Noworolska A, 
Krzeszowiak A, Wieckiewicz.J. Stachura J. Pryjma J. Popiela 
T. Szczepanik A. Zembala M. Detection of cancer cells in the 
blood by FACS sorting of CD45-cells. IntJ Mol Med. 1998 
March; 1(3):573-8. Pituch-Noworolska A, Wieckiewicz J, 
Krzeszowiak A, Stachura J. Ruggiero I, Gawlicka M, Szc 
Zepanik A, Karcz, D. Popiela T. Zembala M. Evaluation of 
circulating tumour cells expressing CD44 variants in the 
blood ofgastric cancer patients by flow cytometry. Anticancer 
Res. 1998 September-October; 18(5B):3747-52. Martin VM, 
Siewert C. Scharl A, Harms T, Heinze R, Ohl S, Radbruch A, 
Miltenyi S, Schmitz, J. Immunomagnetic enrichment of dis 
seminated epithelial tumor cells from peripheral blood by 
MACS. Exp Hematol. 1998 March; 26(3):252-64. 
0148 Cells, and in particular adult stem cells find increas 
ing use in cell therapy of animals and humans. One of the 
major hurdles of using such cells is efficient isolation thereof 
from tissue samples. 
0149. This problem is compounded by the fact that adult 
stem cells are present in minute amounts in tissue. For 
example, mesenchymal stem cells and hematopoietic stem 
cells, which are increasingly used and investigated as the cells 
of choice for various cell replacement therapies represent 
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only 0.01% of cell in bone marrow. Such cells are currently 
utilized in horses and other animals as skeletal cell progeni 
tors for repair of injured tendons, ligaments and bone 
(Stephen Picock, Stem Cells in Race Horses, The Scientist, 
October 2005:34-35), while in humans, mesenchymal stem 
cells find use in repair of skeletal and myocardial disorders, 
Such as non-union fractures, cartilage defects in Osteoarthri 
tis, tendon tears and myocardial infarcts Gafni et al. Stem 
cells as vehicles for orthopedic genetherapy. Gene Ther. 2004 
February; 11(4):417-26; Minguell J J and Erices A. Mesen 
chymal stem cells and the treatment of cardiac disease. Exp 
Biol Med (Maywood). 2006 January; 231(1):39-49.), while 
hematopoietic stem cells find use in cell replacement therapy 
following, for example, chemoablation. 
0150. Thus, there is a need for efficient isolation of such 
cells from tissue samples. The present system addresses Such 
needs by enabling efficient sorting and isolation of cells from 
cells samples while also enabling in-line preservation of iso 
lated cells thus increasing the effective life span and suitabil 
ity-for-use of such cells. 
0151. It will be appreciated that although the present 
invention was described in context with identification and 
isolation of cells, that it can also be utilized to identify and 
isolate molecules of interest, e.g. polynucleotides, polypep 
tides and the like using molecule-specific probes labeled with 
magnetic or magnetizable moieties. 
0152. It is expected that during the life of this patent many 
relevant cell tags will be developed and the scope of the term 
cell tag is intended to include all Such new technologies a 
priori. 
0153. As used herein the term “about refers to +10%. 
0154 Additional objects, advantages, and novel features 
of the present invention will become apparent to one ordi 
narily skilled in the art upon examination of the following 
examples, which are not intended to be limiting. Additionally, 
each of the various embodiments and aspects of the present 
invention as delineated hereinabove and as claimed in the 
claims section below finds experimental Support in the fol 
lowing examples. 

EXAMPLES 

0155 Reference is now made to the following examples, 
which together with the above descriptions, illustrate the 
invention in a non limiting fashion. 

Example 1 
Cell Sorting Using Cell Labels Having Magnetizable 

Particle Moieties 

0156 The present system is designed for identifying and 
separating specific cells labeled with magnetic particles. The 
embodiment of the present system illustrated in the following 
example employs several components (shown in FIGS. 1-5): 
(i) a microcapillary tube restricting flow to single cells; (ii) 
induction coils for generating an electromagnetic field around 
the microcapillary tube; (iii) micro channels through which 
selected cells flow; and (iv) electroporation electrodes for 
introducing various compounds (e.g. polynucleotides, cryo 
protectants etc) into cells flowing through the microchannels. 
0157. As is shown in FIG. 1 the present system employs a 
constant flow device (which in this case is represented by a 
Syringe 12 and pressure measurement device 14) that intro 
duces cells from a cell supply 16 into a microcapillary tube 
18. Flanking the cell-containing region of the microcapillary 
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tube are two electromagnetic coils (indicated by 20 and 22) 
which are utilized to detect the presence of a cell carrying 
magnetic particles. Cells that are positively identified are 
Sorted using a cell manipulator 24. 
0158 Preferably, the microcapillary tube is constructed 
having an inner diameter which forces single cells to pass 
therethrough (FIG. 2). A single cell occupying the microcap 
illary tube is shown in FIG. 3. 
0159 FIG. 4 illustrates one possible configuration for 
detecting the electromagnetic field perturbation produced by 
the presence of a cell labeled with paramagnetic particles. 
Systems, which employ one coil, are also envisaged, as is 
further described hereinabove. The two coils surround the 
micro-capillary, with the cell flowing between them. Because 
biological Solutions are ionic, generating an electrical current 
in one of the coils produces an induction current in the second 
coil. The presence of a magnetized cell between the coils will 
cause a change in the induced current. Such a change varies in 
magnitude between cells labeled with magnetic/magnetiz 
able particles and cells that are not, thus leading to detection 
of labeled cells. The principle of magnetic induction and the 
use thereof in identifying cell labeled with magnetic/magne 
tizable particles are further explained in the preferred 
embodiments section above. 
0160 FIG. 5 illustrates typical circuitry that can be used to 
detect the presence of a cell positioned between the coils. The 
system shows a multi-frequency inductive spectrometer. The 
system consists of four modules: function generator, trans 
ceiver, dual-channel demodulator and analog-digital con 
verter. A personal computer with a PENTIUMTM2 GHz pro 
cessor (model 4400, Dell Inc. Round Rock,Tex.) controls the 
system and processes the data. The function generator mod 
ule uses two identical programmable synthesizers NI 5401 
(National Instruments Inc., Austin, Tex.) as oscillators. The 
first oscillator Supplies an excitation signal I cos(cot) of 
approximately 20 mA in the range of 1 to 8 MHz at pre 
programmed steps. A modulation signal I coS(C), t) is gener 
ated by the second oscillator. The difference co-co-co-100 
(27t) rad/sec is maintained constant in the whole bandwidth in 
order to produce a narrow band measured Voltage signal on a 
constant low intermediate frequency for processing and 
demodulation. 

0.161 The excitation and modulation signals are con 
nected to the transceiver and the dual-channel demodulator 
modules respectively. The transceiver consists of an excita 
tion and a sensing coil coaxially positioned and two differen 
tial receiver amplifier AD8130 (Analog Devices Inc. Nor 
wood, Mass.) (A1 and A2). Both coils can be built using 
magnet wire AWG32 rolled on a cylindrical plastic former 
with radius r=2 cm, and five turns. The coil inductance of such 
coils, as calculated on the basis of Faraday's law, is approxi 
mately 40 uH. The excitation coil generates a primary oscil 
lating magnetic field. The sensing coil detects the primary 
magnetic field and its perturbation through a proximal con 
ductive sample. To avoid inductive pickup the leads of the 
coils are twisted. The amplifiers A1 and A2 were connected as 
conventional operational amplifiers and collect the reference 
voltage (V) and the induced voltage (V.) in the excitation 
and sensing coils respectively. The gain of the amplifiers was 
adjusted in order to obtain a dynamic range of itsV through 
out the whole bandwidth. 

(0162 The dual-channel demodulator module uses a mixer 
and a narrow band pass filter to transfer the information of any 
excitation and sensing signal of a variable frequency to a 
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constant low frequency (co). The multiplier AD835 (Analog 
Devices Inc. Norwood, Mass.) was used as mixer. And the 
narrow band pass filter was designed on the basis of the 
operational amplifier AD844 (Analog Devices Inc. Norwood, 
Mass.). This module uses two identical channels for parallel 
demodulation. To avoid additional inductance and stray 
capacitance in the circuit, the amplifiers and dual channel 
demodulator circuits are shielded by a metallic box and con 
nected to the coils with short coaxial cables (length less than 
0.8 m). The current passes through the shield to minimize any 
inductance mutual between the circuit and the coils. 
0163 The analog-digital conversion module digitizes the 
reference and induced Voltage signals on the constant low 
frequency. A data acquisition card NI 6071E (National Instru 
ments Inc., Austin,Tex.) with a sample rate of 1.25MSamples/ 
seg and a resolution of 12 bits is used as an analog-digital 
converter. The phase of the reference and induced voltages are 
calculated in Software over approximately five cycles by an 
extract single tone function available in LABVIEW V6.1 
(National Instruments Inc, Austin,Tex.). This function can be 
programmed to find the highest amplitude at 100(2 t) rad/sec 
and return the phase. The phase shift between the reference 
and induced voltage was estimated as A0-0(V)-0(V). 
The ratio signal to noise (SNR) for phase shift measurement 
was improved by averaging over twenty spectra (39 dB at 1 
MHz). Thus, cells labeled with magnetic/magnetizable par 
ticles have a different affect on inductive transfer between the 
coils than cells not labeled with magnetic/magnetizable par 
ticles. 

Example 2 

Cryopreservation of Sorted Cells Using a Single Cell 
Micro-Electroporation System 

0164 FIGS. 6-7 illustrate one embodiment of a cell pres 
ervation device constructed in accordance with the teachings 
of the present invention. 
0.165. As is illustrated in FIG. 6, cell preservation device 
50 includes a top chamber 52 and a bottom chamber 54 
separated by an electrically insulating and transparent silicon 
nitride membrane 56. The membrane is 1 micron thick and 
has a 2-5 micron opening 58 in the middle. The membrane is 
flanked by circular Ag/AgCl electrodes 60. 
0166 Chambers 52 and 54 are designed capable of main 
taining a temperature from 0°C. to 42°C. by employing, for 
example, Peltier cooling plates. Single cells can be trapped in 
opening 58 (FIG. 7) by generating a hydrostatic pressure 
differential between chambers 52 and 54. An alternative con 
figuration can employ a capillary tube (similar to that shown 
in FIGS. 1-5), which is flanked by electroporation electrodes 
rather than coils (see Example 3 below). 
0167 Such a micro-electroporation setup can be used for 
introducing a composition of interest (e.g. polynucleotides, 
polypeptides, cell protectants etc) into a single cell. This setup 
can also be utilized to remove a composition from the cell, 
e.g. to remove a cell cryoprotectant. 
0168 To effect such transfer, a cell is first trapped between 
the electrodes (e.g. in the hole of the membrane) and the 
composition is injected into the upper chamber. Electrical 
pulses are generated between the electrodes in a closed elec 
trical circuit, and the cell (trapped in the hole) acts as a Switch 
for opening and closing the electrical circuit. When the 
applied electrical pulse is not sufficient to induce electropo 
ration, for instance electrical fields of less than 100V/cm, the 
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cell acts as a closed switch. When the pulse is of sufficient 
magnitude for instance electrical fields in the range of 200 
V/cm to 500V/cm the cell membrane opens to ionic flow and 
electrical current flows through the circuit between the upper 
and lower chambers. This allows real time control over the 
opening and the closing of the cell membrane and enables 
controlled introduction of the composition into a single cell. 
0169. In a reverse process, the composition can be 
removed from the cell by the application of reversed elec 
troporation and the presence of diluting buffer in the cham 
bers. 

0170 Thus, the present cell preservation device can be 
used to introduce and remove compositions from single cells. 
For example, when cryopreservation of a single cell is 
desired, the cell can be micro-electroporated with cryopro 
tectant agent and then Subjected to single cell directional 
solidification. To reverse the process, the present device will 
thaw the cryopreserved cells and the cryoprotectantagent will 
be removed by reverse micro-electroporation. 
FIGS. 8-9 are fluorescent images of cells (ND1- prostate 
adenocarcinoma cells) stained with a fluorescent dye follow 
ing single cell-electroporation in micro channels. 

Example 3 

Micro-Electroporation of Murine Mesenchymal Pro 
genitors. Using a Glass Micro-Capillary Tube 

(0171 C3H10T1/2 cells stably transfected with the marker 
genes Green Fluorescent Protein (GFP) and Luciferase cells 
were suspended in DMEM high-glucose medium at a con 
centration of 1x105 cells/ml. Medium was supplemented 
with 75 uM Propidium Iodide (PI). The cell suspension was 
then injected through a glass micro-capillary (approximately 
100 um diameter at the narrow region) using Syringe pump at 
a flow rate of approximately 50 ul/minute. Step square pulses 
of 0.5V for 100 ms, 9V for 100 ms and 0.5V for 100 ms, were 
generated through the capillary every 2 seconds using two 
electrodes flanking the cell trapping region. Individually elec 
troporated cells were collected from the capillary and were 
observed under fluorescence microscope to determine the 
electroporation efficiency. Cells that have been electropo 
rated demonstrated double labeling of GFP and PI, which has 
entered the cell due to membrane poration (FIG. 9). 

Example 4 

Mathematical Modeling of Magnetic Induction Sens 
ing 

0172. This example illustrates how a cell tagged with mag 
netic or magnetizable particles can be distinguished from a 
non-tagged cell by measuring the phase shift between exci 
tation and sensing coils. 
0173 Following the teachings of Griffiths et al. (Magnetic 
induction tomography—A measuring system for biological 
materials.” Ann NY Acad Sci 873: 335-345, 1999.), a bio 
logical specimen (e.g. cell) is considered as a simple circular 
disk of tissue of radius Rand thickness t, placed centrally and 
midway between a small excitation coil and a small sensing 
coil spaced at a distance 2a. The thickness t, was considered 
to be much less than 2a. A sinusoidal current, of angular 
frequency (), flows in the excitation coil and induces a mag 
netic field B. The circular disk has conductivity O and relative 



US 2011/0217730 A1 

permittivity e. (it is assumed that the skin depth is greater 
than, t, and therefore the attenuation produced by the disk is 
neglected). 
0.174. This bulk model assumes that the effect of the mag 
netized (conductive) particles is uniformly distributed in the 
cell and that the occurrence of magnetized (conductive) par 
ticles will cause the bulk electrical parameters of the com 
bined cell with particles to change relative to cells without 
particles according to the formula: 

L(G, T)+(of F) (1) or (T.F.) = - 
(e. T)+(ef F)] e.(T, F = in to c 

where the Subscripts c, t, and fstand for the composite prop 
erties, the cell properties and conductive (magnetized) prop 
erties, respectively. The symbols, T, and, F, give the percent 
age Volume of the pure tissue or the magnetized (conductive) 
particles respectively. 
(0175 Phase Shift in the Sensing Coil 
0176 Considering the thin “tissue' disk model described 
above, a sinusoidal current of angular frequency (), flows in 
the excitation coil and induces a magnetic field B in the 
sensing coil. According to Griffiths, the current induced in the 
“tissue' disk placed between the excitation and sensing coils 
causes a perturbation AB in the field of the sensing coil given 
by: 

where eo and Lo are the permittivity and permeability of free 
space, respectively. The total magnetic field B+AB in the 
sensing coil is shifted relative to the primary magnetic field B 
by an angle 0. The magnetic field and its perturbation can be 
obtained from the Voltages induced in the sensing coil. V, and 
AV, AB/B can be defined in terms of the induced voltage in 
the sensing coil (Scharfetter et al. Biological tissue charac 
terization by magnetic induction spectroscopy (MIS): 
requirements and limitations. IEEE Trans Biomed Eng 50(7): 
870-80, 2003), by: 

AB AV (3) 

a constant k is defined: 

k = tapo ) ? 1 a + 2R2 (4) 
2 ha? 2 22 

0177 Substituting (3) and (4) into (2), the phase of the 
total induced Voltage 0(V) in the sensing coil with respect 
to the induced Voltage by the primary magnetic field could be 

Sep. 8, 2011 

expressed as a function of frequency and electrical param 
eters in the “tissue' disk between the coils, by: 

koo (5) (Valarctii 

0.178 Phase Shift in the Excitation Coil 
0179. In cases where the magnetic field in the system is 
generated through an oscillator which Supplies an excitation 
signal (V) and through an output impedance, Z. The 
reference voltage (V) measured in the excitation coil is 
given by expression (6) where Z is the impedance of a coil 
composite made of the resistance R, and the inductance X, 
in series. 

0180. For instance, an excitation coil of radius r, of 2 cm, 
having five turns and being made from magnet wire AWG32 
has an inductance (L) (calculated on the basis of Faraday's 
law) of approximately 40 uH. The Z values in the frequency 
domain were estimated for R-1S2 and X=(oL. A typical 
output impedance of 502 was considered for the oscillator. 

V = Vatz z) (6) Zout + Zl 

0181. According to Hart L. etal (L. W. Hart, H. W. Ko, J. 
H. Meyer, D. P. Vasholz, and R. I. Joseph. A noninvasive 
electromagnetic conductivity sensor for biomedical applica 
tions.” IEEE Trans Biomed Eng 35(12): 1011-1022, 1988. 
the presence of a conductive sample (the “tissue' disk 
between the coils) causes a change in the impedance of the 
excitation coil given by AZ, AR+AX, where: AR is the 
increase in the coil resistance and AX is the increase in the 
coil inductance. The expressions for AR, and AX were 
derived in Hart et al (above) as: 

where: f(t)/2t is the frequency of the excitation signal, N is 
the number of coil turns, R' is the coil radius, eo is the permi 
tivity of free space, and e, and O are the relative permitivity 
and electrical conductivity of the “tissue' disk sample respec 
tively. The term I" is a positive definite constant determined 
for a specific geometry. In this example Substitutions of 
O->AO and e->A, were made for the expressions (7) and 
(8) because changes in electrical conductivity and relative 
permittivity of the “tissue’ sample are also considered. 
(0182. The phase of the reference voltage 0(V) with 
respect to the excitation signal in the presence of a “tissue 
sample can be estimated from the following expression: 

Im Zi + AZL (9) --- 
Z + ZL + AZL 

Zi + AZL 
Z - ZAZ, 
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0183 The total change in phase shift (A0) between the 
reference and induced Voltages in the excitation and sensing 
coil respectively is given by the expression: 

0184 The changes in this value can be used to compare a 
tagged cell to a non-tagged cell. 

Example 5 
Mathematical Modeling of Cell Flow Control 

0185. This is an example of an extreme condition in which 
the flow of cell tagged with magnetic particles is halted by the 
application of an electromagnetic field. The flow of the cell 
inside a capillary tube is stopped using an external magnetic 
field. In general, a magnetic dipole will experience a force in 
a changing magnetic field. The force is proportional to the 
magnetic field gradient So if B is the magnetic field and L is the 
magnetic dipole moment 

F = u-N 

where N is the number of beads on the cell. 
0186. In order to stop the cell, the force should be equal to 
the force that is driving the cell through the capillary which is 
simply F=ma where m is the cell's mass and a is its accelera 
tion. So in order to stop the cell one needs to create a magnetic 
field which is a linear function of x (which is the direction of 
the capillary): 

0187. The magnetic field needed can be calculated using 
the following parameters: 

(0188 1. Cell mass m=1 nanogram 10 kilogram 
(0189 2. Cell acceleration in the capillary a=10 meter/ 

2 
SC 

0.190 3. Dipole moment is the pole strength times the 
bead's diameter u=10.10=10'Ampere meter 

(0191) 4. Number of beads per cell N=1000 
(0192. These rough estimates give a field gradient of 10 
Teslas per meter inside the capillary which is very small and 
thus can be easily achieved using laboratory equipment. 
0193 It is appreciated that certain features of the inven 

tion, which are, for clarity, described in the context of separate 
embodiments, may also be provided in combination in a 
single embodiment. Conversely, various features of the 
invention, which are, for brevity, described in the context of a 
single embodiment, may also be provided separately or in any 
suitable subcombination. 
0194 Although the invention has been described in con 
junction with specific embodiments thereof, it is evident that 
many alternatives, modifications and variations will be appar 
ent to those skilled in the art. Accordingly, it is intended to 
embrace all Such alternatives, modifications and variations 
that fall within the spirit and broad scope of the appended 
claims. All publications, patents and patent applications men 
tioned in this specification are herein incorporated in their 
entirety by reference into the specification, to the same extent 
as if each individual publication, patent or patent application 
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was specifically and individually indicated to be incorporated 
herein by reference. In addition, citation or identification of 
any reference in this application shall not be construed as an 
admission that such reference is available as prior art to the 
present invention. 
What is claimed is: 
1. A system for qualifying and manipulating cells of a cell 

sample labeled with a magnetic or magnetizable moiety com 
prising: 

(a) a cell sample holder for holding a cell of said cells; and 
(b) a first cell analyzer including: 
(i) a magnetic field source for applying a magnetic field to 

said cell; and 
(ii) a sensor for qualifying and/or quantifying an effect of 

said magnetic field on said cell, 
wherein said cell sample holder is a capillary tube and said 

magnetic field source and said sensor are each separately 
arranged around the circumference of said capillary 
tube. 

2. The system of claim 1, further comprising a second cell 
analyzer for qualifying and/or quantifying a feature of said 
cell. 

3. The system of claim 1, wherein said magnetic field 
Source and said sensor are electromagnetic coils. 

4. The system of claim 1, wherein said magnetic field 
Source and said sensor are incorporated into a single electro 
magnetic coil. 

5. The system of claim 1, wherein said first cell analyzer is 
capable of producing a transient magnetic field. 

6. The system of claim 1, wherein an internal diameter of 
said capillary tube is selected so as to restrict passage there 
through to a single cell. 

7. The system of claim 1, wherein said magnetic field 
Source is capable of generating a pulsating magnetic field. 

8. The system of claim 1, wherein said magnetic field 
Source is capable of generating a magnetic field of alternating 
polarity. 

9. The system of claim 8, wherein said magnetic field 
Source is capable of varying a polarity shift of said magnetic 
field of alternating polarity. 

10. A method of identifying cells of interestina cell sample 
with the system of claim 1 comprising: 

(a) labeling the cells of interest with at least one type of a 
magnetic or magnetizable moiety; 

(b) exposing each cell of the cell sample in said cell sample 
holder to a magnetic field from said magnetic field 
Source; 

(c) measuring a response of each cell of the cell sample to 
said magnetic field with said sensor; and 

(d) identifying the cells of interest according to said 
response. 

11. The method of claim 10, wherein said response is 
current generated in a coil by a magnetic field of said mag 
netizable moiety. 

12. The method of claim 10, further comprising the step of 
analyzing at least one feature of at least a Subset of cells of the 
cell sample prior to, during or following step (b). 

13. The method of claim 10, further comprising the step of 
manipulating cells of interest. 

14. The method of claim 10, further comprising the step of 
separating said cells of interest from the cell Sample accord 
ing to said response. 

15. The method of claim 10, wherein step (d) is effected by 
measuring an effect of a magnetic field generated by said at 



US 2011/0217730 A1 Sep. 8, 2011 
12 

least one magnetic or magnetizable moiety on an induction 18. The method of claim 17, wherein said magnetic field of 
coil. alternating polarity is of varying polarity shift. 

16. The method of claim 10, wherein said magnetic field is 19. The method of claim 10, wherein the cells of interest 
a pulsating magnetic field source. are stem cells. 

17. The method of claim 10, wherein said magnetic field is 
of alternating polarity. ck 


