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Abstract

We have applied the microfluidic cell separation method of dielectrophoretic field-flow fractionation
(DEP-FFF) to the enrichment of a putative stem cell population from an enzyme-digested adipose
tissue derived cell suspension. A DEP-FFF separator device was constructed using a novel
microfluidic-microelectronic hybrid flex-circuit fabrication approach that is scaleable and anticipates
future low-cost volume manufacturing. We report the separation of a nucleated cell fraction from
cell debris and the bulk of the erythrocyte population, with the relatively rare (<2% starting
concentration) NG2-positive cell population (pericytes and/or putative progenitor cells) being
enriched up to 14-fold. This work demonstrates a potential clinical application for DEP-FFF and
further establishes the utility of the method for achieving label-free fractionation of cell
subpopulations.

Introduction

The novel exploitation of microscale phenomena in lab-on-a-chip systems offers the promise
of new techniques for the manipulation and analysis of biological and biochemical entities.
Dielectrophoresis (DEP) and other electrokinetic forces are ideally suited for use in the
microfluidic—microelectronic milieu; such forces have been successfully employed to
manipulate or separate all manner of analytes in biological microsystems.1-3 Dielectrophoresis
is compelling as a method for cell handling: the DEP force acts directly on cells in a suspension
and can be used to distinguish cell populations based on differences in cell properties including
cell size; membrane morphology, complexity and integrity; cell internal conductivity; relative
nuclear volume; and cytoplasmic organization. Differences in cell dielectric properties can be
exploited to separate or identify cell subpopulations®° and to detect diseased, apoptotic, or
damaged cells.5~9 The ability to distinguish cells based on intrinsic properties using DEP offers
the potential for straightforward implementation and broad utility. Generally-used existing cell
separation methods such as fluorescence-activated cell sorting (FACS) or magnetic-activated
cell sorting (MACS) employ antibodies or other molecular recognition elements to target cell
populations of interest and require a priori knowledge of cell-specific markers, synthesis of
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specialized probes directed against these markers, and tagging of cell populations to enable
separation.

An important cell separation challenge of current interest is the rapid isolation of stem or
progenitor cells from autologous donor tissue for regenerative medicine applications.10:11
Recent experimental studies and clinical trials indicate that progenitor cells isolated from a
range of adult tissues can stimulate angiogenesis in ischemic tissues and may preserve or rescue
cardiac and neuronal function following ischemic insult.}2-18 |n acute treatment scenarios,
stem cells need to be harvested, processed, and administered promptly and within the context
of existing interventional infrastructure. Moreover, for chronic or less acute maladies, stem
cell based therapies are expected to enhance or perhaps even supplant many current orthopedic,
plastic and general surgery approaches. In these cases, regenerative treatment options are more
likely to gain widespread acceptance if progenitor cell harvesting and enrichment can be readily
interfaced with existing treatment protocols. There is a particular interest in the use of adipose
tissue-derived stem (or stromal) cells (ADSCs or ASCs) because of the relative ease of
obtaining subcutaneous fat tissue and the ability of these cells to be differentiated into several
cell types.19-23

Typical stem cell enrichment methods such as MACS, FACS, and panning by plastic adherence
are generally laboratory-based and require tissue harvesting and purification to be carried out
days or weeks before actual administration of cell therapy. Furthermore, label or cell culture
dependent enrichment methods yield tissue preparations that contain modified, activated or
otherwise altered cells; for clinical applications, it is highly preferable that isolated cells be
unlabeled, and minimally manipulated.2* Although marker-based separation methods have
been used to isolate cell populations of interest, there is considerable debate in the stem cell
field as to the specific marker profiles that should be targeted. In this study we demonstrate
the enrichment of putative stem cells from a mixed population of adipose-derived cells using
a dielectrophoretic field-flow fractionation (DEP-FFF) device fabricated using a hybrid
microfluidic-microelectronic flex-circuit approach. Our current generation DEP-FFF device
is ideally suited for batch-mode separation and recovery of moderate quantities of cells
(<108 cells per run).25-27 The DEP-FFF device consists of a thin flow channel with
microelectrodes patterned along the bottom surface. When energized, the electrodes provide
a height-dependent dielectrophoretic force that is perpendicular to the flow axis and applied
continuously along the length of the channel—sufficient differences in the density and
dielectric characteristics of various cell types cause them to be positioned in different flow-
velocity lamina, thereby resulting in differential elution from the separation chamber. The
characteristic velocity of cells within the DEP-FFF separator is persistent and the spatial
separation achieved is cumulative, analogous to the theoretical plate concept in column
chromatography.28 Therefore, a crucial feature of the DEP-FFF device is the length of the flow
channel. Simply creating longer versions of the gold-on-glass electrodes utilized in the early
generation of DEP-FFF devices poses a serious fabrication challenge. Serpentine channels
were explored as an alternative to this approach, but this embodiment limits the flow channel
volume and consequently the number of cells that can be loaded in a given run. In this work
we utilize a DEP-FFF chamber construction based upon a unique approach to the fabrication
of large active area microelectrodes: a continuous interdigitated, gold-on-polyimide electrode
created using a reel-based flex-circuit manufacturing process.

Experimental

Cell isolation

In accordance with Tulane University Institutional Review Board (IRB) approval, solid
subcutaneous human adipose samples were obtained from discarded tissue excised during
elective body contouring procedures. Adipose tissue was manually minced and digested with
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Liberase Blendzyme 3 (Roche Diagnostics product 11-814—184—001) at 4 units per gram
tissue in phosphate buffered saline (PBS) at 37 °C with shaking for 40 min.22:2% The digest
mixture was centrifuged at 400 x g to remove adipocytes and liquid fat and then the resultant
cellular fraction filtered sequentially through 100 um, 40 um, and 10 um filters (Millipore
Steriflip SELM002M8, BD Falcon basket strainer 352340, and Sefar Nitex 03—11/6,
respectively). Cells were washed twice by centrifugation in PBS and the erythrocyte quantity
reduced by standard density gradient centrifugation (Histopaque-1077, Sigma-Aldrich, St.
Louis, MO).

Immunolabeling

Adipose-derived cells were washed in labeling buffer (PBS with 0.5% BSA, 2 mM EDTA)
and incubated with one of the following antibody cocktails: FITC-conjugated anti-CD45
monoclonal antibody (Miltenyi Biotec product 130—080—202), rabbit anti-NG2 polyclonal
antibody (1 : 200 dilution, Chemicon International, AB5320) and AlexaFluor 488 Goat anti-
rabbit secondary 1gG (1 : 100 dilution, Invitrogen A11034), or rabbit anti-nestin polyclonal
antibody (1 : 200 dilution, Chemicon International, AB5922) and AlexaFluor 488 Goat anti-
rabbit secondary IgG. All primary antibodies were either directed against human epitopes or
show human species reactivity. Cells were washed with labeling buffer and analyzed by flow
cytometry (Partec Cyflow with Flomax analysis software, Munster, Germany). Mock-labeled,
isotype, and secondary antibody-only controls were performed in addition to the above
reactions to assess the specificity of labeling and to confirm suitable fluorescence over
background for antigen-positive cells. Forward scatter (FSC) data was gated to exclude
submicron particles and debris yielding 1.8—3.0 x 10° cells (events) per sample. FL1 vs. FSC
bivariate scatter plots for samples labeled with fluorescent probes directed against CD45, nestin
and NG2 showed well-defined clusters of marker-positive cells distinct from the normal
distribution of the unlabeled cell populations. The geometric mean fluorescence intensity for
the marker-positive cell populations was 1.4 to 2.1 orders of magnitude (27—115-fold) brighter
than the mock-labeled, isotype, or secondary antibody-only control populations.

DEP-FFF theory

For the experiments described here, DEP-FFF was implemented in hyperlayer mode. In this
mode, particles are levitated above an electrode array by negative dielectrophoresis. The
levitating negative DEP force, Fpgp; (Which has been shown to fall exponentially with height
above the electrode array) and hydrodynamic lift force are balanced against a sedimentation
force, Fgray to establish particle equilibrium position, heq within the parabolic flow profile (Fig.
1). Under the moderate flow rate conditions used in these experiments, the equilibrium height,
heg, for a given particle type is expressed by:

SRTEEST

3emp Re(foy) U?

where where q~1(h) is the inverse function of the height dependency of the vertical DEP force
component, q(h); pp and pp, are the density of the particle and suspending medium; e, is the
permittivity of the suspending medium; U is applied RMS voltage; p embodies electrode
polarization; and Re(fcpy) is the real portion of the complex Clausius—Mossotti factor given

by:

Jfou=(€"c—&"m) [ (£"c+26™ ), "=6 — jo/ (2nf)

Lab Chip. Author manuscript; available in PMC 2009 August 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vykoukal et al. Page 4

where ¢ is the permittivity of the particle or cell and /= V—1. The force balance equation is
always single-valued for hyperlayer DEP-FFF, yielding a unique equilibrium position and
elution time for all particles of the same type.

DEP-FFF instrumentation

The body of the DEP-FFF flow chamber (Fig. 2) was machined in-house from cell-cast acrylic
stock (Acrylite GP, Cyro Industries). The height of the flow channel was defined using a
custom-cast PDMS gasket (Silastic S, Dow Corning). The resulting microfluidic channel was
25 mm wide x 300 mm long x 375 um thick. Gold microelectrodes on polyimide substrate
(interdigitated 50 um lines on a 100 um pitch) were fabricated by a commercial flex-circuit
process (3M Microinterconnect Solutions). Fluid flow was controlled by a laboratory syringe
pump (KD Scientific; Holliston, MA) and electrodes were energized using a proprietary digital
waveform generator and power amplifier board (InGeneron, Incorporated; Houston, TX).

DEP-FFF processing and flow cytometric analysis

Labeled cell mixtures were washed in iso-osmotic dielectrophoresis buffer (9.5% sucrose,
0.3% dextrose, conductivity-adjusted to 30 mS m~1 with PBS) and resuspended at a
concentration of 2 x 106 cells mL~L. For each run, approximately 1.4 x 108 cells were loaded
into the DEP-FFF separation chamber, allowed to settle for 10 min without fluid flow, and
then subjected to a fluid flow rate of 1500 uL min~L. The frequency of the applied AC electric
field was decreased linearly from 200 kHz to 60 kHz over 40 min, followed by a 30 kHz soak
(3 Vp—p)- Collected fractions were analyzed by flow cytometry to follow cell elution from the
DEP-FFF chamber. FSC was gated as previously described, resulting in 5 x 103—1 x 10° cells
(events) per fraction depending on the total cell concentration in the particular fraction.
Populations of CD45, nestin and NG2 marker-positive cells exhibited geometric mean
fluorescence intensity approximately two orders of magnitude over background.

Results and discussion

The work presented here is a first proof of principle demonstration that dielectrophoretic field-
flow fractionation (DEP-FFF) can be applied to the rapid, label-free enrichment of progenitor
cells from the stromal vascular fraction, a comparatively crude mixture of cell debris,
erythrocytes and nucleated cells that results from enzymatic digestion of freshly harvested
adipose tissue. The ultimate goal of these cell enrichment studies is the introduction of a
practical method for on-demand preparation of autologous, progenitor cell enriched tissue
fractions for clinical use. This study was initiated after considering the scarcity of options for
purifying stem cells from primary tissues, the limitations of such methods, and the difficulties
inherent in porting these laboratory techniques to the clinical setting. Adipose tissue was
expressly chosen as a source of progenitor cells because it can be readily harvested via a
minimally invasive procedure that can be preformed adjunct to a standard surgical intervention.
The DEP-FFF separator platform is designed so that it can be run in an automated manner and
such that the separator hardware can be single-use and fabricated using relatively low cost,
scalable manufacturing methods. A parallel effort is also underway to develop an upstream
system for performing adipose tissue harvesting, enzymatic digestion, and filtering with the
intention of realizing a fully integrated, closed, and sterile system for preparation of progenitor
cell enriched tissue fractions in the clinic.

Translation of lab-on-a-chip technologies from the research laboratory into the clinic or other
“real world” setting requires microsystem designs that are amenable to industrial
manufacturing methods. Although the principle aim of the study described here was the
enrichment of a stem cell population from a mixed cell sample, an additional aim of the project
was to explore microfluidic—-microelectronic fabrication techniques that anticipate large-scale
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manufacture and offer the prospect for reduced next-stage product development times.
Accordingly, the DEP-FFF separator device was built primarily from polymeric materials
using a multilayer stack-up approach (Fig. 2). Such materials are readily machined or cast using
conventional tools and equipment, allowing prototype devices to be built quickly and at a
reasonable cost. Furthermore, mature and relatively inexpensive volume manufacturing
techniques exist for the processing of polymeric materials and microelectronic flex circuits.
Polymer micromolding techniques can replicate nanometer-scale features and current flex
circuit design guides specify conductor width and spacing down to 20 um with finer pitches
available at reduced yields. These capabilities are on the order of those required for many lab-
on-a-chip applications and merit further exploration.

For most laboratory research applications and clinical experimentation to date, adipose tissue-
derived stem cells are isolated from a heterogeneous tissue preparation referred to as the stromal
vascular fraction (SVF) based on their adherence to plastic cell culture flasks after 12—48 h.
The SVF is obtained by digesting either solid, minced adipose tissue or lipoaspirate with
collagenase and then filtering, washing, and centrifuging the cellular fraction to remove mature
adipocytes. SVF contains erythrocytes, leukocytes, fibroblasts, and endothelial cells, as well
as preadipocytes, pericytes, other progenitor cells, and digest-generated debris.19:22 The further
separation of SVF by plastic adherence, or panning, results in a culture of cells with fibroblast-
like morphology that is considered the de facto adipose-derived stem cell population. It is
estimated that only one out of every 30 adipose-derived SVF cells (approximately 3%) adheres
to plastic.30

Recent findings suggest that mesenchymal stem cells are often associated with the
microvasculature in various tissues and may be related to, derived from, share a niche with, or
perhaps even be pericytes or pericyte precursors/progenitors. Several groups have
demonstrated the ability of cells expressing one or more pericyte or stromal markers (NG2,
3G5, a-smooth muscle actin (a-SMA), PDGF receptor (PDGFR)-a and PDGFR-, STRO-1,
and CD146/MUC18/MCAM) from various adult tissues to differentiate into other cell types,
including osteogenic, adipogenic, chondrogenic and myogenic lineages?2:31-34 and have
therefore postulated that this population in the perivascular niche represents a multipotent
mesenchymal stem cell-like reserve distributed throughout the body.22:31-39 Recent work has
led some researchers to conclude that pericytes and ADSCs share a similar phenotype and
niche, while others suggest that ADSCs and pericytes are one in the same. Zannettino et al.
demonstrate that ADSCs expanded from cells selected for positive expression of pericyte
marker 3G5 were capable of differentiation into osteoblasts, adipocytes, and chondrocytes in
vitro and form ectopic bone in vivo in NOD/SCID mice, all in a manner similar to those
immunoselected for either STRO-1 or CD146. This progenitor cell-like behavior and the
authors’ finding that human adult stromal cells derived from adipose tissue “exhibit a
perivascular-like phenotype” reinforce the concept of a perivascular stem cell niche in adipose
tissue.40 Traktuev and colleagues take this concept even further, reporting that ADSCs showed
coexpression of mesenchymal, pericytic (including NG2, CD140a (PDGFR-o) and CD140b
(PDGFR-B), and smooth muscle markers and that the “cells occupied a pericytic position” in
vivo, leading them to conclude that the “majority of adipose-derived adherent CD34"* cells are
resident pericytes”.41

Based on this hypothesis, we selected the molecular markers nestin and NG2 chondroitin
sulfate proteoglycan (considered to be general stem cell or pericyte markers, respectively) to
monitor and compare the elution of these two cell subpopulations from the DEP-FFF chamber
and to gauge the level of enrichment of the putative stem cells in each eluted fraction. The use
of molecular markers was solely for the purpose of tracking the fate of various cell
subpopulations during DEP-FFF separation. Cell transit times and elution profiles were
observed to be independent of cell labeling with fluorophore-conjugated antibodies. The
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collagenase-digested, filtered adipose tissue preparation (SVF) was divided, and separate
aliquots were fluorescently labeled with FITC-conjugated antibodies against NG2, nestin, or
the pan-leukocyte marker CD45. Flow cytometric analysis was performed to assess the cellular
make-up of the tissue preparation and determine the starting concentration of the various
labeled cell types (see Fig. 3). Digest-generated cell debris and erythrocytes could be
distinguished from the nucleated cells by their intrinsic forward and side-scatter characteristics.

Labeled cell mixtures were subjected to DEP-FFF processing as described in the
Experimental section and the eluted fractions were analyzed by flow cytometry to track the
elution of the various cell populations from the chamber. The frequency of the applied AC
electric field was decreased linearly from 200 kHz to 60 kHz over 40 min, followed by a 30
kHz soak. This particular DEP-FFF electrode energization scheme was chosen following
experiments on approximately fifteen adipose tissue digest samples. The rationale for
decreasing the frequency during the separation run is as follows. At 200 kHz, intact cells in
the SV experience positive DEP and are retained in a low flow-velocity lamina near the bottom
wall of the DEP-FFF separator. Damaged cells and cell debris are not retained and exit the
DEP-FFF separator first. As the frequency applied to the DEP-FFF electrode array is decreased,
cells in the digest mixture experience differential negative DEP levitation forces. The
magnitude of the levitation force acting on a particular cell depends on the cell dielectric
properties, which in turn are a function of the cell membrane and cytoplasmic architecture.
Different cell types are driven to different flow lamina in the DEP-FFF separator based on the
aggregate effect of their density and specific dielectric properties. Cell types that experience a
strong levitation force at relatively higher frequencies elute first, while dense cell types that
levitate at lower frequencies elute later. More generalized discourse on cell dielectric properties
and the physics of DEP-FFF are available elsewhere.1:3:25:26 For the study described here,
uniform cell loading, fluid flow, and AC electric field conditions were utilized so that the data
from separate runs could be overlaid for comparison purposes.

Fig. 4 shows the elution profiles for the NG2-positive, nestinpostive, and CD45-positive cell
populations. For simplicity, we have chosen to show the NG2-negative particles from the NG2-
labeled run, but the elution profile of this cell population was nearly identical to that observed
for the nestin and CD45 runs and can therefore be considered representative. This NG2-
negative population predominantly contains damaged cells and debris (early fractions) and
erythrocytes (later fractions). As shown in Fig. 4a, the DEP-FFF method separates the nucleated
cell fraction from both the digest-generated cell debris and the bulk of the erythrocyte
population. This is significant as debris and erythrocytes comprise a substantial portion of the
SVF, but offer no regenerative potential. Additionally, since the DEP-FFF separation is not
based on biomarkers, damaged or apoptotic cells are not coenriched with healthy cells as they
could be in a MACS or FACS enrichment. The inset shown in Fig. 4b reveals nearly identical
elution profiles for cells labeled with antibodies against the two independent putative stem cell
markers, NG2 and nestin. The elution peak shift observed between these cells of interest and
the mature, CD45-positive leukocytes indicates that the respective cell populations posses
different dielectric and density properties and exemplifies the dependence of the DEP-FFF
method on intrinsic morphology, size, and density differences between cell types.1:3:25:26 |
addition to separating the cells of interest from the debris and erythrocytes, we were particularly
interested in the relative enrichment of the NG2-postive and nestin-positive cells in the eluted
fractions after DEP-FFF processing (see Fig. 5). Relatively rare (<2% in the starting mixture)
NG2-positive cells were enriched up to 14-fold. Nestin-positive cells, which showed a slightly
higher initial fluorescence labeling level of approximately 4%, were enriched up to 5-fold.

This SVF enrichment data must be evaluated with an understanding that the maximum
attainable level of enrichment depends on the relative rarity of the cell type of interest in the
starting material. Impressive enrichment factors can be attained by MACS or FACS for bone
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marrow mesenchymal stem cells because of their scarcity in the starting tissue. Using a standard
plastic-adherence CFU-F (colony forming units fibroblast) assay for mesenchymal stem cell
count, bone marrow derived MSCs selected by MACS for STRO-1 showed 950-fold
enrichment over unfractionated cells32 and those selected by MACS for STRO-1 and then
CD146" by FACS (STRO-1BRT/CD146") showed 2 x 103-fold enrichment over unfractionated
cells.37 However, in tissues with a greater relative percentage of putative stem cells, these
methods yield concomitantly lower enrichment values. For example, pooled dental pulp
samples subjected to MACS selection for STRO-1* or CD146* provided 6-fold and 7-fold
enrichment over unfractionated cells, respectively.3’ In a recent study, FACS enrichment of
adipose-derived stem/stromal cells from SVF by selection for 3G5 yielded approximately 3-
fold enrichment in CFU-F over unsorted cells.#? For the adipose samples used in our study,
NG2™* cells accounted for approximately 2-3% of the total cell population, so the maximum
theoretical enrichment level achievable for a pure population would be 33- to 50-fold. This
stem cell frequency agrees with the reported observation that approximately one out of every
30 adipose-derived SVF cells adheres to plastic.3? The 14-fold enrichment after DEP-FFF
processing (yielding 28% NG2* cells in the most enriched elution fraction) may be quite
sufficient for some clinical applications and is significant because the tissue processing method
is label-free and rapid. In our experience, variability in DEP-FFF-based cell fractionation is
principally of a biological nature and not due to intrinsic system or hardware variation.3:27:
42 Biological variance is manifest in DEP-FFF elution profiles as a shift in elution time and/
or peak broadening; however, a standardized protocol for cell processing and DEP-FFF
enrichment can attenuate these effects. In the stromal vascular fraction enrichment experiments
described here, the erythrocyte peak elution time is used as a standard reference point when
comparing different runs from the same patient sample. For these data we observe good run to
run coincidence for the various subpopulation peaks for a given patient sample and good
agreement in the relative subpopulation elution times between different patient samples.

DEP-FFF provides a distinct advantage over the standard MACS or FACS cell isolation
techniques in that labeling of the cells is not a requisite part of the separation procedure. For
cells with known marker profiles, labeling can be employed during development of the DEP-
FFF separation protocol to optimize run parameters and then subsequently avoided. In the
experiments described here, fluorescent antibody labels were used only passively to enable
identification of the various cell types in the starting mixture and to facilitate quantitative
assessment of the separation progress and efficiency. Such label-free cell-isolation methods
are preferred when preparing samples for clinical applications, as regulatory agencies generally
specify additional testing and validation studies for cell-based therapeutics that contain labeled,
treated or otherwise modified cell preparations. Additionally, DEP-FFF is much more rapid
than the isolation of stem cells from a mixture based on their adherence to plastic cultureware.
19,20 Cells from a collagenase-digested tissue extract are incubated in plastic culture flasks,
and the non-adherent erythrocytes, leukocytes, and debris are washed away after 12—48 h to
yield what is generally considered to be a stem cell population. Typically, these cells must also
then be expanded in culture before use in a basic or preclinical study. In contrast, a DEP-FFF
run can be completed in less than 20 min. Previous investigations in our lab and others have
established that exposure to electric fields from DEP electrodes akin to those used in these
experiments does not alter cell viability.#3-4° In our initial adipose-derived SVF fractionation
experiments, eluted cell fractions were collected into tissue culture media, cultured for 12—-24
h and assayed for plastic adherence. Cultures of viable cells possessing a fibroblast-like
morphology typically associated with adipose-derived mesenchymal stem cell cultures were
observed, confirming that cells remain viable following fractionation by DEP-FFF.

Several groups are actively exploring the basic biology and clinical applications of both the
stromal vascular fraction that is obtained following enzymatic digestion of adipose tissue, as
well as further purified adipose-derived stem/stromal cells. Selected examples of recent
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preclinical work include the transplantation of sheets of monolayered ADSCs into infarcted
rat myocardium,#® intracoronary administration of ADSCs into infarcted pig myocardium,*’
use of ADSCs for neuroprotective purposes in arat intracerebral hemorrhage model,1” injection
of ADSCs into a mouse ischemic limb disease model,*8 use of ADSCs for periodontal tissue
regeneration in rats,*% and use of ADSCs to regenerate corneal stroma in rabbits.50 Other groups
are investigating more rapid, direct clinical methods in which adipose tissue is harvested and
the progenitor-cell containing raw SVF or lipoaspirate is immediately applied, without further
enrichment, for repair or regeneration within a single operative procedure. Examples include
the application of freshly isolated SVF mixed with fibrin glue to treat skull defects (mixture
estimated to contain 2—3% stem cells),?! the use of “purified lipoaspirate” to heal irradiation-
induced lesions in human breast,>2 and a cell-assisted lipotransfer (CAL) technique in which
freshly isolated SVF is mixed with lipoaspirate for cosmetic breast augmentation.53

The level of enrichment that is required to yield safe and clinically efficacious adipose derived
progenitor cell fractions is yet to be determined. However, for clinical applications, it is
anticipated that a freshly prepared, pro re nata source of autologous progenitor cells would be
favored over heterologous, cultured or banked sources. We are currently working to refine and
further enhance the applicability of the DEP-FFF method to the enrichment of stem cells from
tissue digests. Planned improvements include modification of the sample loading and flow rate
to yield shorter processing times, increasing the number of cells that can be sorted in a single
run, altering electrical characteristics of the applied AC electric field gradient to shift the CD45-
positive peak further from the putative stem cell peak, and incorporation of an integrated means
of detecting and characterizing eluted cells to provide real-time feedback about cell purity and
yield.

Conclusions

DEP-FFF processing of a filtered, collagenase-digested adipose tissue suspension isolated the
nucleated cell fraction from both the digest-generated cell debris and the bulk of the
erythrocytes. Independent DEP-FFF runs yielded nearly identical elution profiles for cells
labeled with FITC-conjugated antibodies against two putative stem cell markers, NG2 and
nestin. Furthermore, the elution peaks for the putative stem cells were shifted from the peak
containing the CD45-positive leukocytes. Overall, the relatively rare (<2% in the starting
mixture) NG2-positive cells were enriched up to 14-fold. Further efforts will be made to
improve the performance of the DEP-FFF method for enriching and harvesting putative stem
cells and other rare cell populations from complex cell mixtures.
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Fig. 1.

Principle of dielectrophoretic field-flow fractionation. Particle velocity, v is determined by
particle equilibrium height, heq within the laminar parabolic flow profile. At heq, the levitating
DEP levitation force, Fpgp, and sedimentation force, Fgay are balanced such that

—}ﬂr3 (pp - pm)g+FDEPZ=O.
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Fig. 2.

DEP-FFF instrumentation. (a) Exploded diagram of DEP-FFF separator chamber showing
support and top substrates, flex electrode, PDMS gasket, and fluid ports. (b) Schematic of
interdigitated electrode array (not to scale). (c) Close-up of inlet portion of assembled stacked-
polymer DEP-FFF separator chamber showing support and top substrates, flex electrode,

PDMS gasket, and fluid ports. (d) Continuous flex-circuit reel of 50 um-wide gold

microelectrodes on polyimide substrate.
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Immunolabeling and flow cytometric analysis of adipose-derived cell mixture. (a) Ungated
cytogram of starting SVF cell mixture showing the relative abundance of cellular debris,
erythrocytes and leukocytes/nucleated cells. (b—d) Fluorescence (FL1) of immunolabeled cell
samples was analyzed to determine the percentage of (b) NG2-positive cells (1.9%), (c) nestin-
positive cells (3.9%) and (d) CD45-positive cells (3.9%) relativeto total cell number (gated to
exclude submicron debris). Isotype controls were performed (data not shown).
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Fig. 4.

DEP-FFF fractionation of adipose-derived cell mixtures. (a) Overlay of separate DEP-FFF
elution profiles for adipose-derived cell mixtures from a representative patient sample
immunolabeled to detect NG2 (blue), nestin (maroon), or CD45 (yellow); NG2-negative
particles from the NG2 run are shown in light blue. (b) Detail of elution profile overlays for
adipose-derived cell mixtures immunolabeled to detect NG2 (blue), nestin (maroon), or CD45
(yellow).
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Fig. 5.

Relative enrichment of cells positive for (a) NG2 or (b) nestin after DEP-FFF processing.
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