Anal. Chem. 2004, 76, 5705—5712

A Microfabricated Device for Subcellular Organelle

Sorting
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We report a microfabricated field flow fractionation device
for continuous separation of subcellular organelles by
isoelectric focusing. The microdevice provides fast sepa-
ration in very small samples while avoiding large voltages
and heating effects typically associated with conventional
electrophoresis-based devices. The basis of the separation
is the presence of membrane proteins that give rise to the
effective isoelectric points of the organelles. Simulations
of isoelectric focusing of mitochondria in microchannels
are used to assess design parameters, such as dimensions
and time scales. In addition, a model of Joule heating
effects in the microdevice during operation indicates that
there is no significant heating, even without active cooling.
The device is fabricated using a combination of photoli-
thography, thin-film metal deposition/patterning, and
electroplating techniques. We demonstrate that in the
microfluidic devices, mitochondria from cultured cells
migrate under the influence of an electric field into a
focused band in less than 6 min, consistent with model
predictions. We also illustrate separation of mitochondria
from whole cells and nuclei as well as the separation of
two mitochondrial subpopulations. When automated and
operated in parallel, these microdevices should facilitate
high-throughput analysis in studies requiring separation
of organelles.

Sample preparation for biochemical analysis of protein activity
often requires cell lysis, fractionation, and purification of or-
ganelles. For example, to assay cytochrome c translocation from
mitochondria to cytosol during apoptosis in mammalian cells, the
cytosolic and mitochondrial fractions have to be isolated. Similarly,
to monitor the translocation of steroid hormone receptors from
the cytoplasm to the nucleus, a nuclear fraction must be prepared.
Current methods of organelle separation, such as density-gradient
centrifugation, immunoisolation, or electromigration analysis,
typically require many labor-intensive steps and are not suitable
for small-sample analysis.! Density-gradient centrifugation is
robust, but usually requires repeated centrifugations in different
buffers to achieve the desired separation.? Immunoisolation is
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highly specific, but it, too, requires multiple steps.2 Both methods
are time-consuming, with steps performed in series and sample
loss occurring during handling. In contrast, newer electromigra-
tion separation techniques suitable for separation of cells, mem-
branes, proteins, or other biological particles are usually single-
step procedures.t?® Variants of electromigration separations,
including free flow electrophoresis, high-resolution density-gradi-
ent electrophoresis, and immune free flow electrophoresis, make
use of the different charges of biological particles and macromol-
ecules to achieve separation. These methods require substantial
power input resulting from the large voltages and currents and,
therefore, require adequate cooling. Furthermore, because of the
physical dimensions of these devices, electrophoretic techniques
often require long running times and considerable amounts of
sample.

For systems biology studies that require large data sets on
many components and samples, parallel and automated organelle
separation of small samples is desirable. Microfluidic systems,
such as DNA separation chips,*® uFACS,® micro diffusion sensors,’
drug delivery chips,® and smart valves,® have demonstrated
superior performance compared to their macroscopic counter-
parts. Here, we show the use of a microfluidic device that
separates and concentrates organelles by micro isoelectric focus-
ing (micro-1EF).

Isoelectric focusing has been widely applied to protein separa-
tion, and microscale IEF of proteins as well as other forms of
electrophoretic separation of proteins has been demonstrated.10-12
In IEF, a pH gradient is created by electrolysis of water at the
electrodes and, in most commercial buffers, stabilized by
ampholytes—amphoteric molecules with a range of isoelectric
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Figure 1. Schematic of field flow isoelectric focusing (IEF) of protein
and organelles. (B) Photograph of the microfabricated device before
final assembly with (C) enlarged view of the fractionation end of the
device. The device consists of electroplated gold electrodes and
microfluidic channels formed in a photopatternable epoxy.

points. A protein molecule is mobilized under the influence of the
external electric field within this pH gradient and stops migrating
when it reaches its isoelectric point (pl), where its net charge is
zero (Figure 1). Organelles, which contain many different proteins
and other amphoteric molecules on their surfaces, are expected
to behave similarly under IEF conditions. However, the time
required to focus organelles can be long because of the much
larger drag force on organelles than on molecules. The speed at
which organelles migrate is proportional to the electric field
strength (E) and to their electrophoretic mobility («), a function
of their size and charge. In conventional IEF systems, molecules
or particles traverse the length of the device to focus, typically
several tens of centimeters. By considerably shortening the path
that the analytes have to traverse, microdevices accelerate
focusing.” We describe the use of IEF field flow fractionation (FFF)
technique in which organelles, specifically mitochondria, migrate
in the lateral direction (<1 mm) toward their pls as they flow
longitudinally through the device (cf. Figure 1) to achieve
continuous separation of subcellular particles. When coupled with
cell lysis and protein identification capabilities, this device should
facilitate the studies of complex signal transduction networks.

EXPERIMENTAL SECTION
Model Formulation for Micro Isoelectric Focusing. To aid

the design of the microdevice for isoelectric focusing, three
models following Mosher and co-workers!®~15 were constructed:
(i) a pseudo two-dimensional model for molecular IEF, (ii) a
pseudo two-dimensional model for mitochondrial 1EF, and (ii) a
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full three-dimensional (3-D) model for mitochondrial IEF. All forms
of the amphoteric species in the bulk solution were described
using a reaction-diffusion model. The particular formulation of the
problems was chosen to take advantage of the existing solver in
FEMLAB (Comsol, Inc., Burlington, MA).

Modeling of molecular IEF served as a benchmark study for
estimating the time scale for pH gradient formation and validation
the model formulation. The mobility of small ions and molecules
were assumed to be constants, and acid—base reactions were
incorporated in the transport equations. For example, egs 1 and
2 described the reactive transport of H* and OH".

aCy, aCy, ¥Cy,
Vieg T mqE Y + Dy YR kCrCon Tk, (1)
9Con ICon #*Con
V.5, = ~ HonE —5.~ + Don Tl KiChCon Tk, (2)

v; is the fluid velocity calculated from flow rate, u is the
electrophoretic mobility, E is the electric field strength, and k;'s
are the reaction constants. Cy and Con are the concentrations of
H* and OH-, respectively. z represents the length along the
channel in the stream-wise direction, and x is the cross channel
position. Other species (buffer molecules and proteins) were
described using analogous equations. A model ampholyte solution
was assumed since exact characterization of commercial am-
pholyte solutions was not available. The ampholyte species used
in our experiments were low molecular weight polyamino-
polycarboxylic acids and were modeled as protein/peptide mol-
ecules with similar characteristics. The physical parameters were
either extracted from literature!* or estimated using liquid-phase
reaction Kinetics theory.!® These transport equations were con-
verted to a one-dimensional pseudo time-dependent problem,
substituting z/v, with the time variable.®® Simulations (detailed in
the results section) demonstrated that the time scale for pH
gradient establishment is short, on the order of 20 s, and
established pH gradient could therefore be assumed in simulations
of mitochondria IEF.

To describe the motion of the mitochondria, we constructed a
lumped model that includes the electrophoretic mobility of
mitochondria as well as their diffusion in two dimensions. The
electrophoretic force due to the external electric field, drag force,
and Brownian motion are responsible for the movement of the
mitochondria. In the equation

ac aC ¥C
v, 5 = —HE X+ D > (3)

v, is again the average fluid velocity calculated from flow rate, u
is the electrophoretic mobility of the mitochondria as a function
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of local pH value in the solution, and D is the diffusivity of the
particles due to Brownian motion. The electrophoretic mobility
of mitochondria from rat kidney extracted from a series of
electrophoresis experiments!’ was fit to a third-degree polynomial
as a function of pH. The diffusivity of the particles was estimated
using the Stokes—Einstein approximation.

KgT
" 6wpa

“

n is the viscosity of water; kg is the Boltzman constant; T was
taken as room temperature (300 K); and a was the approximate
size of the mitochondria particles, taken as 100 nm. Again, the
model was formulated as a pseudo-time-dependent problem by
substituting z/v, with t.

Finally, we constructed a three-dimensional model to examine
the effect of the parabolic velocity profile of the pressure-driven
flow in the device on the concentration profile. The model
incorporated a full 3-D Navier—Stokes calculation on the velocity
profile and used the velocity profile in the mass conservation
equation.

V-VC = —4E-VC + DV-VC ©®)

A linear pH gradient was assumed in the x direction, and the
mobility was a function of pH. Because the migrating species was
dilute in the buffer solution, the Navier—Stokes equations could
be decoupled from the mass conservation equations, solved first,
and the resulting velocity profile then used as input to the species
simulations.

Fabrication of Microfluidic Devices. Pyrex 7740 wafers
(Bullen Ultrasonic Inc.) were cleaned in a bubbling piranha
solution (1:3 sulfuric acid and hydrogen peroxide) for 10 min.
(Caution: The mixing process is strongly exothermic and releases
hot vapor, and the mixture is highly reactive. Personal protective
wares including face shield, apron, and gloves should be used.) The
wafers were rinsed in deionized water and dried in a wafer spin
dryer. The wafers were then treated with hexamethyldisilazane
(HMDS) vapor and coated with image reversal resist AZ5214-E
(Clariant Corp., Somerville, NJ). The image reversal resist was
patterned using standard photolithography techniques (brief
exposure through the metal seed-layer mask followed by a flood
exposure) and developed. A thin film of gold (2000 A) with
titanium as an adhesion layer (100 A) was deposited in an electron-
beam evaporator. The metal seed-layer pattern was formed in a
lift-off process in which the photoresist was removed in solvent
along with the metal film deposited on top of it, leaving metal
only in open regions of the original photoresist pattern. Subse-
quently, a layer of a photopatternable epoxy SU-8-50 (MicroChem
Corp., Newton, MA) was spun and patterned using photolithog-
raphy to create the trenches in which the gold electrodes were
to be formed. The current supplied to the substrates controlled
the gold deposition rate; generally, to plate 50-um-thick electrode
required 4—5 h at 60 °C using a noncyanide-based plating solution
(Technic Inc., Cranston, RI). At the completion of electroplating,
the SU-8-50 mold was removed in a Nanostrip solution (Cyantek

(17) Plummer, D. T. Biochem. J. 1965, 96, 729.

Corp., Fremont, CA). The wafers were rinsed and dried before
cleaning in oxygen plasma for at least 30 min.

To form the flow channels of the devices, another layer of SU-
8-50 was coated and patterned. The wafers were coated with a
layer of thick resist AZ4620 (Clariant Corporation, Fair Lawn, NJ)
to protect the features before they were diced into individual
devices using a Disco dice saw and solvents (acetone, ethanol,
followed by isopropyl alcohol) were used to remove the thick
photoresist. Fluidic access holes on the glass substrate were
drilled using a 0.75-mm diamond drill bit. The device was capped
by a microscope coverslip sealed by epoxy on the edges.
Conductive epoxy (SPI Supplies, West Chester, PA) was used to
bond wires to the thin-film gold contact pads on the glass
substrate.

Cell Culture and Lysate Preparation. HT-29 cells (human
colon carcinoma, ATCC, Manassas, VA) and HelLa cells (ATCC,
Manassas, VA) were cultured in McCoy’s 5A and DMEM medium,
respectively, supplemented with 10% fetal serum, 100 units/mL
penicillin, 100 xg/mL streptomycin, and 2 mM glutamine (Invit-
rogen, Carlsbad, CA) at 37 °C and 5% CO,. NR6éwt murine
fibroblasts (ATCC, Manassas, VA) were cultured in MEMa. with
7.5% fetal serum, 350 «g/mL G418, 1 mM sodium pyruvate, 2 mM
L-glutamine, 1 mM nonessential amino acids, 100 i.u./mL penicil-
lin, and 200 xg/mL streptomycin (Invitrogen, Carlsbad, CA) under
the same conditions. For the experiment using apoptotic cells,
Hela cells were treated with 50 ng/mL TNF (Peprotech, Rocky
Hill, NJ) and 2.5 ug/mL cycloheximide (Sigma-Aldrich, St. Louis,
MO). The floating cells were collected after 4 h.

The mitochondria were labeled in live cells with 500 nM
MitoTracker Green or 5 ug/mL JC-1 (Molecular Probes Inc.,
Eugene, OR) at 37 °C for 30 min. The cells were harvested with
0.25% trypsin and 1 mM EDTA (Invitrogen, Carlsbad, CA).

To label peroxisomes with GFP, we prepared a construct
driving the expression of EGFP with the Ser-Lys-Leu peroxisome
targeting signal added to its C terminus. The modified EGFP was
expressed under the CMV promoter in the pcDNA3.1+ vector
(Invitrogen, Carlsbad, CA). HeLa cells were transiently transfected
with this construct using Fugene 6 as directed by the manufac-
turer (Roche Molecular Biochemicals, Basel, Switzerland). The
cells were collected 24 h after transfection.

To prepare cell lysates and mitochondria fractions, cells were
rinsed in cold PBS followed by cold MB-EDTA buffer (10 mM
HEPES pH 7.3, 1 mM EDTA, 210 mM mannitol, 70 mM sucrose,
250 uM PMSF, 10 ug/mL leupeptin, 10 ug/mL pepstatin, and 10
ug/mL chymostatin, all reagents from Sigma-Aldrich, St-Louis,
MO). The cells were then swollen in MB-EDTA buffer for 10 min
on ice and sheared through a 26G needle. The nuclei were labeled
using 200 nM propidium iodide (Molecular Probes Inc., Eugene,
OR) added to the lysate. In the experiments in which mitochondria
were focused directly in the lysate, this fraction was used. For
isoelectric focusing of the crude mitochondria fraction, the lysate
was centrifuged at 2000g for 2 min, and the supernatant was then
centrifuged at 13000g for 10 min at 4 °C to sediment the
mitochondria. This second pellet, resuspended in MB-EGTA buffer
(same as MB-EDTA except EDTA was replaced with 1 mM
EGTA) constituted the crude mitochondria fraction.

IEF and Microscopy. The microfabricated device was mounted
on a Zeiss Axiovert200 fluorescence microscope with an ORCA-
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100 cooled digital camera (Hamamatsu, Bridgewater, NJ). Before
each experiment, the device was first flushed with bleach (1—2
mL) and rinsed with ~5 mL of water and ~3 mL of PBS. A bovine
serum albumin solution (5% w/v in water, ~3 mL) was flushed
through the device and incubated for 20 min to passivate the
device walls. For IEF experiments, Ampholine pH 3—6 or pH 3—10
buffer solution (Amersham Biosciences, Piscataway, NJ) was
added to a final concentration of 2%. The ~2-V DC voltage was
supplied using Protek 3015B, and the current was steadied at ~30
uA. Fluid was delivered by a syringe pump (Harvard Apparatus,
Holliston, MA).

RESULTS
Design Considerations. Available large-scale devices usually

take a few hours3!819 to achieve the separation of proteins. The
rate at which proteins move is proportional to the fixed field
strength and their electrophoretic mobility. Larger entities, specif-
ically organelles, will focus even more slowly owing to the much
larger drag force on the particles than that on protein molecules.
In conventional macrosystems, proteins of interest have to traverse
the width of the device (a few centimeters) to focus. Microscale
devices can considerably shorten the time required for focusing
by shortening the path that the particles travel. The voltage
required to maintain a similar electric field is correspondingly
smaller. Finally, the device effluent containing focused streams
of organelles can be separated into fractions by taking advantage
of laminar flow properties of microfluidic devices.

There are three important time scales to consider in the design
of micro IEF devices: electrophoretic mobility, diffusion, and
residence time in the device (closely related to the volumetric
flow rate of the carrying fluid). Electrophoretic and diffusion effects
balance at equilibrium. The field strength and characteristics of
the particles of interest define the width of the separated bands.
The device should be sufficiently long and narrow to allow enough
time for the electrophoretic focusing of the particles. However,
making the device too narrow will compromise the resolution of
the separation.

Modeling Isoelectric Focusing of Mitochondria. Bier et al.
introduced models to simulate pH gradient formation processes!®
in which the pH gradient is stabilized by a few amphoteric species
(such as amino acids) with known charge states and mobility.
We carried out a simulation of pH gradient formation (prefocus-
ing) to examine the time scale during which it would take place
in microdevices. We used a 1-dimensional pseudo time-dependent
model solved in FEMLAB, applying a method adapted from
Mosher et al.1315 All forms of amphoteric species in the solution
were described with a reaction—diffusion model. Figure 2A
describes the simulation results. At the beginning of the simulation
(equivalent to the inlet of the channel), molecules were uniformly
distributed throughout the channel in the x direction. As time
progressed (or as the analytes flowed through the device in the
z direction), a peak in the concentration distribution started to
develop, and eventually reached steady state. For a 2-V potential
across a 1-mm-wide microfluidic device, the time scale for
prefocusing was ~20 s in contrast to typical macroscale IEF, which
requires at least 30 min at 1000 V.19

(18) Amersham-Biosciences, 2002.
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Elsevier Biomedical Press: Amsterdam, 1983.
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Figure 2. (A) Pseudo two-dimensional simulations of micro-IEF of
bovine serum albumin (BSA); (B) Pseudo two-dimensional simulations
of micro-IEF of mitochondria from rat liver/kidney cells.

To simulate IEF of mitochondria in the microfluidic device,
we constructed a lumped model based on an effective electro-
phoretic mobility and diffusion coefficient. Mitochondrial 1EF
behaves very similarly to molecular IEF (see Figure 2B), except
time scales for focusing are longer, the concentration peak
develops more slowly (~4 min) and with greater left—right
asymmetry, and the peak is narrower at steady state. All of these
differences are attributable to smaller electrophoretic mobility and
diffusion coefficient of mitochondria, as compared to molecules.
On the microscale, Brownian diffusion and, consequently, tem-
perature appear to have a significant impact on the width of the
particle concentration distribution. This simulation further dem-
onstrates that pH prefocusing is much faster than mitochondria
focusing, and an established pH profile is consequently assumed
in subsequent models.

Last, we constructed a three-dimensional (3-D) model to
examine the effect of the interplay among diffusion, electrophoretic
force, and velocity profile of the pressure-driven flow on the
concentration profile (Figure 3). The 3-D model incorporated a
full 3-D Navier—Stokes calculation on the velocity profile used in
the mass conservation equation. Compared to the pseudo-2D
model, the full simulation gives the same time scale for mito-
chondria focusing (~4 min), indicating that in devices with large
aspect ratio (width/height), a 2-D approximation is adequate and
the nonlinear flow profile has minimal effect on the focusing time.
Brownian motion of the particles is unimportant when the local
concentration of mitochondria is low (e.g., near the inlet of the
channel), but is important when the mitochondria are focused.
In fact, Brownian diffusion balances the electrical force at steady
state, and together they determine the concentration distribution
of the focused stream, in qualitative agreement with predictions
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Figure 3. Three-dimensional simulation of the micro-IEF of mitochondria. The color band represents the mitochondria concentration, with red

being the highest concentration.

by the 1-D pseudo time model. Moreover, the cross-sectional plots
shown in Figure 3 reveal that instead of a butterfly effect in the
concentration profile, 22 the top and bottom of the velocity field
are more focused than the middle owing to the longer residence
time at these positions (a result of the parabolic velocity profile).

Focusing Prepared Mitochondrial Fractions. To investigate
whether mitochondria exhibit amphoteric surface characteristics
under IEF experimental conditions and can be focused in a
microfabricated device, an experiment was performed with Mi-
toTraker-labeled HT-29 cell lysate, enriched in mitochondria by
differential centrifugation. The sample was delivered by pressure-
driven flow. Using a ~2-V applied potential, the mitochondria were
focused in the channel under flow condition (Figure 4). When
the mitochondria fraction was first introduced into the device, the
mitochondria were present throughout the width of the focusing
channel (Figure 4, top). As they flowed through the channel, the
pH gradient developed, and focusing of mitochondria started to
take place (Figure 4, middle). At a residence time of ~6 min
(adjusted by varying the flow rate), mitochondria focused near
the exit of the channel (Figure 4 bottom). Assuming a linear pH
gradient, the mitochondrial focusing position corresponds to a pl
value between 4 and 5. These experimental results match well
the evolution of the concentration profile obtained from the above
simulations (Figure 2B) based on electromobility data from rat

(20) Kamholz, A. E.; Yager, P. Biophys. J. 2001, 80, 155—160.
(21) Ismagilov, R. F.; Stroock, A. D.; Kenis, P. J. A.; Whitesides, G.; Stone, H. A.
Appl. Phys. Lett. 2000, 76, 2376—2378.

kidney mitochondria (~4-min focusing time). Compared to
conventional methods of organelle preparation, this microscale
IEF is 2 orders of magnitude faster. The separation conditions
could, in principle, be fine-tuned for particles of interest and widths
of the focused bands by varying flow rate (i.e., residence time in
the device) and by using different ampholyte solutions.

Focusing and Concentrating Organelles from Cell Lysate.
The separation of mitochondria directly from crude cell lysate
provides a validation of the application of the technique as a
separation component in an integrated device for subcellular
analysis. In a focusing experiment using a mixture of whole cell
lysate and intact cells, mitochondria were focused (in effect,
enriched and separated from cytosolic materials of signicantly
different pls) in the presence of membrane debris, other or-
ganelles, and intact cells (Figure 5). Intact cells were visible,
because they contained labeled mitochondria. They migrated
toward the anode because of the acidic character of the plasma
membrane. In the pH 3—6 range used in this experiment, the
cell membrane always carries negative charges.

To further validate the method with a different cell type and
compare mitochondria to other organelles, a similar experiment
was performed with crude lysate from NR6wt murine fibroblasts
cells. In this case, both mitochondria and nuclei were labeled.
The mitochondria from NR6wt cells again formed a tightly focused
band, clearly separated from nuclei, which migrated to the lower
pH side of the device (Figure 6). Nuclei were not as efficiently
focused as mitochondria, most probably because their larger size
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Figure 4. |EF of crudely purified mitochondrial fraction from lysate
of HT-29 cell stained with MitoTracker Green. Top views of three
different sections of the channel at ~1, 6, and 18 mm from the inlet
show that when mitochondria first flow into the channel, their
distribution is relatively homogeneous (top). Further along the channel,
some focusing is apparent (middle) and close to the exit of the device,
the mitochondria form a narrow band (bottom). The electric field is
applied laterally. The position of the electrodes is schematic, not to
scale. A 3—6 pH buffer range was used; the mitochondria focus at a
pl between 4 and 5 (assuming a linear pH profile). The difference in
appearance of mitochondria in this and subsequent figures (Figure
5-8) is a result of variations in optical microscopy and experimental
conditions.

would require a longer residence time for focusing. It is also
possible that the nuclei had a nonuniform isoelectric point.
Nonetheless, the mitochondria fraction was free of nuclear
contamination, as determined by fluorescence microscopy (Figure
6). Optimization of the microlEF conditions (pH range, residence
time, or buffer conditions) could potentially improve focusing of
the nuclei fraction.

We used Hela cells labeled with MitoTraker-Red and tran-
siently transfected with GFP carrying a peroxisome localization
signal in experiments exploring separation of mitochondria and
peroxisomes. Both organelles could be focused and effectively
concentrated, but they comigrated in the electric field (Figure 7).
Therefore, to separate these two particular types of organelles,
they would first have to be differentiated by modification of their
physical or biochemical properties, for example, by binding of
antibodies modifying the effective pl.
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Figure 5. IEF of mitochondria from whole lysate of HT-29 cells
stained with MitoTracker Green. Mitochondria focus as well as in their
purified form, while intact cells are attracted to the anode because of
their negative surface charges under the experimental condition. A
pH 3—10 ampholyte buffer range was used; the mitochondria focused

at pl between 4 and 5.
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Figure 6. |EF of mitochondria from lysate of NR6éwt cells stained
with MitoTracker Green and propidium iodide. The mitochondria focus
into a distinct narrow band while the nuclei migrate to a broad band.
A pH 3—6 buffer was used; the mitochondria focused at pl between
4 and 5.

Despite the different sample treatments (e.g., cell lysis and
density centrifugation) under various buffer conditions, the posi-
tion of the focused mitochondria fractions from these experiments
(Figures 4—7) was consistent, all between pH 4 and 5. The
mitochondria from the prepared suspension (Figure 4) gave a
cleaner appearance, likely due to the absence of soluble and
suspended species (e.g., protein, membrane fragments, and
debris). In cases in which cleaner fractions or more resolved
separations are needed, another microlEF stage with shallower
gradient can be used in conjunction of the present device.

Mitochondria Maintain Transmembrane Potential during
IEF. We used potential-sensitive dye JC-1? to stain the mitochon-
dria and evaluate whether the separation process affects their
integrity. The formation of J-aggregates of carbocyanine dyes has
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Figure 7. IEF of mitochondria and peroxisomes from HelLa cell lysate. The peroxisomes tagged with GFP and the mitochondria stained with
Mitotracker Red migrate to similar pH values, indicating that the two organelles may have similar pls that do not allow their separation using
IEF. However, the two organelles were both effectively enriched in the IEF process. The position of the electrodes is schematic, not to scale.

Buffers with a pH range of 3—6 were used.

been shown to be a quantitative fluorescent indicator of mito-
chondria membrane potential 222 Mitochondria that retain their
membrane potential accumulate the dye with subsequent forma-
tion of J-aggregates and exhibit mostly red fluorescence (excitation
maximum, 535 nm; emission maximum, 590 nm), whereas
mitochondria that lose their membrane potential exhibit mostly
green fluorescence corresponding to the monomer (excitation
maximum, 485 nm; emission maximum, 530 nm). In a micro-IEF
experiment using whole cell lysate of JC-1-stained HelLa cells, a
strong signal is observed in the red channel throughout the
separation process, showing that the mitochondria mostly remain
intact in the micro-IEF device (Figure 8A). A weaker signal in
the green channel at a different pl close to neutral pH (Figure
8A) is attributed to the small fraction of mitochondria that have
lost their membrane integrity during the preparation of the lysates.

The different pls for intact and compromised membrane
potential mitochondria suggest that the device could potentially
be used to assay fractions of mitochondria that lose membrane
potential when cells undergo apoptosis. Indeed, in a preliminary
experiment, HelLa cells were treated with TNF and cycloheximide
to induce apoptosis, and the floating cells (committed to apoptosis)
were stained with JC-1. Their mitochondria were processed in the
micro-1EF device. The fluorescence signals in both the green and
red channels for the treated cells were enhanced near neutral pH,
as compared to that observed with untreated cells, indicating a
higher percentage of the mitochondria with compromised cross-
membrane potential in the apoptotic population (Figure 8B). With
careful control and calibration, it might be possible to develop a
quantitative assay of the extent of mitochondrial potential loss
during apoptosis, using this device in conjunction with a potential
sensitive dye.

DISCUSSION
Free-flow separation is advantageous in that it does not require

the use of gels, which simplifies the procedure and reduces the
chance of clogging. Organelle separation in free flow is, however,
difficult at larger scale, in part because the high electrical current
needed results in heating of the conducting medium. The heating
leads to organelle damage and generates density-gradient-driven

(22) Product Information: JC-1 and JC-9 Mitochondrial Potential Sensors; Molec-
ular Probes Inc.: Eugene, OR, 2002.
(23) Reers, M.; Smith, T. W.; Chen, L. B. Biochemistry 1991, 30, 4480—4486.
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Figure 8. (A) IEF of JC-1 labeled mitochondria from control HeLa
cells showing two subpopulations of the organelles. The majority of
the mitochondria have a relatively acid pl (mostly visible in the red
fluorescence channel), while a small population of mitochondria is
near neutral pH (mostly visible in the green fluorescence channel).
(B) IEF of JC-1-labeled mitochondria from apoptotic HelLa cells
showing larger signals (in both red and green channels) near neutral
pH, which suggests that a number of mitochondria from the apoptotic
cell population have lost transmembrane potential.

convections that destroy the resolution of the separation. An
efficient cooling system has to be used to alleviate this problem.
In contrast, the voltage used in our experiments was about 1000-
fold less than what macroscale devices require, resulting in a 1000-
fold reduction in the electrical current. Consequently, the power
consumed in the microdevice is 106 times smaller. Moreover, the
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large surface area-to-volume ratio of microdevices enhances heat
transfer. A simple 2-D (conservative) calculation shows that the
temperature rise in our device should be <0.001 °C without active
cooling, and there was no observable temperature increase during
our experiments.

Another important advantage of miniaturization lies in reducing
the time scale of the separation by shrinking the device dimension
along which separation occurs (t ~ L/uE, where L is the width
of the channel). Our simulations and experiments have demon-
strated that organelles can be concentrated in a few minutes. In
addition, the Reynolds number (Re) remains small (~1072), so
the flow streams are laminar, which should enable the collection
of the focused fractions (Figure 1, and see Kenis et al.?%). The
present separation experiments are operated at a large Peclet
number (Pe ~ 103, a measure of convective transport versus
diffusive transport), so there is no significant back-diffusion in the
direction of the flow. Finally, since the microdevice is operated
in continuous mode, the amount of sample processed can be
varied for different purposes. Because the total volume of our
device is small (2 uL), it is possible to use the device to probe a
small population of cells (as few as ~2000 cells in our experiments)
for analytical purposes, or it could be optimized for continuous
use for larger scale preparatory purposes.

Experiments using the membrane potential-sensitive dye JC-1
show that most mitochondria retain their membrane potential,
indicating that the separation process exerts minimal damage to
the mitochondria. Furthermore, two distinct subpopulations of
mitochondria with differing membrane potential migrate at dif-
ferent pls. Mitochondria that have lost their membrane potential
have a different charge and, in this case, a pl closer to neutral
pH. This observation suggests that, with appropriate calibration,
the mitochondria fractions with different pls in IEF could become
an assay for the extent of apoptosis for studies.

(24) Kenis, P. J. A,; Ismagilov, R. F.; Whitesides, G. M. Science 1999, 285, 83—
85.
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The micro-1EF separation method demonstrated in this work
could be applicable to various organelles. Even for organelles that
are larger and not as uniform in their pls, this technique
significantly enriches the fraction with the organelles of interest,
as shown for nuclei (Figure 6). For organelles (or proteins) that
do not possess significantly different pls (mitochondria and
peroxisome, Figure 7), orthogonal methods, such as affinity-based
or size-dependent separation, would have to be used in tandem.

CONCLUSION
Using numerical simulations as a guide, we have designed and

implemented a microscale organelle separation system. In the
microdevices, free flow separation without external cooling is
possible because of the almost negligible heat generation and the
efficient heat transfer. We have demonstrated rapid, efficient, and
procedurally simple separation of mitochondria from intact cells,
nuclei, and other cellular debris in the micro-IEF devices. This
technique relies on the physiological nature of organelle mem-
branes and maintains the integrity of mitochondria. In a broader
context, these devices can also be used to separate other
microscale particles based on surface characteristics. The micro-
fabrication techniques implemented here allow flexible designs
and potential integration of functions. The microfluidic platform
should also facilitate operation of multiple devices in parallel to
allow for a large number of simultaneous experiments. When
coupled with other modules, these devices could be valuable for
data acquisition in cell-based assays for systems biology.
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