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ABSTRACT: We demonstrate a fast and easy-to-use three-dimensional
printed microfluidic platform for mitochondria isolation from cell and
tissue lysates based on inertial microfluidics. We present and quantify the
quality of the isolated mitochondria by measuring the respiration rate
under various conditions. We demonstrate that the technology produces
vital mitochondria of equal quality to traditional, but more burdensome,
differential centrifugation. We anticipate that the availability of improved
tools for studies of bioenergetics to the broader biological community will
enable these and other links to be explored in more meaningful ways, / 0

H20 ADP ATP

leading to further understanding of the links between energy, health, and

disease.

B INTRODUCTION

Mitochondria play a critical role in life, death, and
pathology.'™® Assays of mitochondrial function such as
membrane potential, respiration rate, and pH provide a host
of information about these electro physiologically active
organelles.”® To dissect the function, it is necessary in many
cases to remove mitochondria from cells or tissues for further
analysis. Although contextual information is lost, significant
control is gained, similar to how single-cell analysis provides
important information about cellular biology, even though cells
are removed from the organism.

Mitochondria burn dietary calories using oxygen to provide
the chemical energy needed to do work, maintain ATP levels,
and heat to maintain body temperature. As a toxic by-product,
mitochondria produce much of the endogenous cellular oxygen
radicals or reactive oxygen species, a process believed to
eventually result in declining organ function, aging, and death.’
A growing body of evidence suggests that the regulation of
metabolism is important in an even wider variety of biological
processes, including stem cell differentiation, cancer,' neuro-
degenerative diseases, and diabetes.”®'"'* As a specific
example, inheritance patterns of one of the electron transport
chain complexes (complex II, succinate dehydrogenase) have
identified succinate dehydrogenase as a tumor suppressor gene,
although the mechanism that relates to the defect in this
particular electron transport chain component and tumori-
genesis is still not understood in detail®*~*' We anticipate
that the availability of improved tools for studies of
bioenergetics to the broader biological community will enable
these and other links to be explored in more meaningful ways,
leading to further understanding of the links between energy,
health, and disease.
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Exquisite, precise studies of the electron transport chain are
possible in isolated mitochondria, as opposed to whole, intact
cells. The electron transport chain is a set of four
mitochondrial inner membrane protein complexes that use
the chemical energy stored in pyruvate to pump protons out of
the inner matrix and maintain an electrochemical gradient
across the mitochondrial inner membrane (AP = AY, +
AuP*). AY, is a voltage, whereas Ap™* is a pH gradient
(typically less significant). The fifth complex (ATP synthase)
uses the membrane potential to drive the phosphorylation of
ADP to ATP. The rate of mitochondrial respiration and the
oxygen consumption of freshly isolated mitochondria is
measured in many labs’® using various substrates and
inhibitors (as well as other regulatory chemistries, such as
ATP/ADP ratio, Ca**, and other mimics of the cytoplasm) to
differentiate the function of the five key complexes of the
electron transport chain.”*** Although not identical to their
exact behavior in intact cells,”> these studies of each
component of the electron transport chain allow exquisite,
sensitive measures of mitochondrial components not possible
in whole cells.

A traditional isolation process relies on mechanical lysis of
the cell plasma membrane followed by a differential
centrifugation.”””® The mitochondria are only viable for
about an hour after this process (i.e., they consume oxygen,
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convert ADP to ATP, and sustain a membrane potential).
There is significant risk to damage of the mitochondrial
membrane integrity. Common methods for mitochondria
isolation are through the density-gradient centrifugation or
immune-isolation method; both require processing such as cell
lysis, fractionation, and purification and usually take around 2—
3 h, while the isolated mitochondria are vulnerable and can
only survive a few hours after sorting processes. In addition,
the disruption and damage caused during centrifugation
procedures to the fragile mitochondrial membranes could
also harm its functionality. These become an obstacle for
mitochondria research and clinical applications. As a result, it is
critical to have a fast, stable, and validated technology to isolate
and assay vital mitochondria from cells and tissues.

Reproducibility of mitochondrial assays is also an issue. In a
study published in 2004,”° a set of tissue from the bovine
skeletal muscle was divided and sent to 14 different labs
around Europe. In this blind study, each lab was asked to assay
the activity of the mitochondrial complexes using spectropho-
tometry. Note that this did not require intact organelles, only
active enzyme complexes. Thus, this test was less stringent
than the technology we aim to present here, which is to assay
the respiration of an intact organelle. Nevertheless, in spite of
this very straightforward assay, the labs came up with varying
results that were off in the simple metric of enzyme activity by
up to an order of magnitude. These are assays on which clinical
decisions are made, and research is based on these assays.
Therefore, we claim that there is a reproducibility issue with
mitochondrial functional assays.

Microfluidic isolations using inertial microfluidics for
micrometer and sub-micrometer particles have been utilized
in multiple biological applications in the past decade (e.g,
WBC and RBC sorting, CTC detection, and viral recovery
from blood”’~*°). Among all applications, inertial microfluidics
stands out as one of the most promising solutions for
mitochondria isolation without damage to the membrane
and function.”” The mechanism of inertial microfluidics
separating particles utilizes the balancing of inertial lift force
and the “Dean” drag force to drive particles to different
equilibrium positions in the microchannel based on their sizes.
To manipulate single-micron size or sub-micron size particles,
further investigation in channel geometry designs has been
done, for example, spiral, serpentine, or trapezoidal spiral
channel designs to induce secondary flow and thus enhance the
Dean drag forces for small particle concentrations. However,
the complexity of the channel structure brings up difficulties in
traditional SU8 photolithography fabrication. Recently,
additive manufacturing has become a powerful platform to
fabricate three-dimensional (3D) functional microfluidic
systems from polymeric materials.”” Benefiting from the
stereolithography apparatus (SLA) technique, the resolution
for microfabrication and prototyping has reached under 100
um, which has met the criteria for most microfluidic
applications.

Tesauro et al.”” demonstrated the feasibility of using inertial
microfluidics to isolate mitochondria from cell lysates. They
followed the SUS8 soft-lithography techniques generating a
four-loop spiral geometry PDMS channel and were able to
reach up to 90% isolation efficiency. In their research, the
apurinic/apyrimidinic endonuclease 1 (APEl) activity of
unsorted and sorted liver mitochondria was measured to
validate whether the retrieved mitochondria retain the
biological functionality. However, to evaluate the dysfunction

of isolated mitochondria, the gold standard is through
measurements of mitochondrial respiration as electron trans-
port chain and oxidative phosphorylation reflect the concerted
function of intact, fully functional mitochondria. The isolation
procedure can easily leave functional “pieces” of mitochondria
such as active enzymes, but only respiration demonstrates the
function of the entire organelle. Until now, all previous papers
related to mitochondria isolation using inertial microfluidics
demonstrated only proof of vitality and function of
mitochondria, such as the ATP assay, ROS measurement, or
MitoTracker dyes.

To quantify organelle integrity, the respiratory control ratio
(RCR) is usually used.”* This empirical parameter is based on
the observation that mitochondria damaged during isolation
show an increased proton leak of the inner membrane as
compared to undamaged mitochondria, hence an increased
state 4 respiration rate. The RCR is typically defined as the
ratio of the state 3 to state 4 respiration rate (achieved using
different substrates for the electron transport chain). The RCR
assay thus measures the “leakage” of membrane potential
quantitatively: Higher RCR means less damage to the
mitochondria during the isolation process.

In this research, we demonstrate a fast and easy-to-use 3D
printed microfluidic platform for mitochondria isolation based
on inertial microfluidics. We present and quantify the RCR of
this isolation technology and protocol and demonstrate that it
produces vital mitochondria from cell lysates with the same
quality (measured via the RCR) as mitochondria isolated using
benchtop centrifuges. The advantages of this are (i) automated
vs manual centrifugation step, reducing operator dependence
of the process; (ii) ability to isolate small quantities of
mitochondria; and (iii) the possibility to integrate with other
on-chip assays such as on-chip cell lysis,”® mitochondrial
sorting, membrane potential, pH assays,”’ >’ and even single
mitochondria respiration assays.”’ Additional possible advan-
tages include the following: (i) Time to analysis from cell
harvest to mitochondrial downstream functional analysis is
dramatically shortened (a few minutes vs an hour) as
compared to centrifugation and mechanical lysis. Once
isolated, the mitochondria are immediately available for
subsequent downstream analysis. (ii) Oxygenation stability.
The samples are not subject to repeated cycles of hypoxia/
normoxia, an inadvertent side effect of multiple centrifugation
steps, and a potential complication for studies of metabolism.
(iii) Thermal control. The demonstrated process allows
control of the temperature during the isolation and analysis
process. Many of the centrifugation processes require changes
in temperature, and some assays do not allow temperature
control at all. (iv) Mechanical protection. In contrast to
mechanical centrifugation, the demonstrated process is
extremely gentle.

The intended use case for this technology is where cell
materials are sparse or rare, such as in patient biopsies or
research applications where large quantities of the starting
tissue are prohibitively expensive. Such may be the case, for
example, in personalized medicine*"** where specific chemo-
therapies where mitochondria isolated from tumor biopsies are
treated in vitro with different target chemotherapies to decide
on a course of treatment for a patient.”’ Another example is in
muscle biopsies of babies and young children, where the
absolute minimum amount of tissue is desired in this painful
procedure. Another example is in the case of assaying
mitochondria from a single cell. None of the above use cases
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Figure 1. Fabrication and imaging setup. (A) Manufacturing process of (I) 3D printing and (II) microfluidic platform assembling. (B) Picture of
the 3D printed microfluidic platform. (C) Channel dimension check under the microscope (channel width: 205 pm; 20X, scale: 20 ym). (D)

Microfluidic platform on the imaging system.

is possible with traditional isolation techniques based on
differential centrifugation. All the examples above are enabled
by the technology presented in this paper.

B SEPARATION MECHANISM

In the Navier—Stokes equation at low Reynolds numbers, the
Stokes (F = ma) terms are usually set to zero, which is
equivalent to neglecting the effect of inertia on the fluid flow.
However, in microfluidic systems, this is not completely
justified.”®** While fluid flow remains laminar (since
turbulence typically sets in at around R ~2000), non-trivial
inertial effects become apparent and can be exploited and
engineered. The key effect in curved microfluidic channels is
that these inertial effects give rise to secondary flow effects not
considered in most laminar flow applications, the most
dominant being the generation of two symmetric vortices in
the channel called “Dean’s vortices”."> The dimensionless
“Dean number (De)” captures the magnitude of this effect.
The calculation of De is given by

De = PUDy | Dn = Re\/E
U 2R 2R
where p is the density of the fluid medium, Ug is the average
fluid velocity, p is the fluid viscosity, R is the radius of
curvature of the channel, D, is the hydraulic diameter of the
channel, and Re is the flow Reynolds number. In our system,
we estimate that Re is around 6.65 and De is around 0.9
(Supporting Information).

In spiral or curvilinear channels, the interplay of the net
inertial lift force (F) and Dean drag force (Fp) gives rise to
the Dean coupled inertial migration of particles. The ratio of
inertial lift force to Dean drag force is a key parameter (R;) to
characterize particle inertial focusing. This inertial force ratio,
R¢ = a’R/Dy?, is useful for predicting particle behavior where R
is the largest radius of curvature in the system. For particle
focusing in a continuouslg curving channel, it is observed that
the R; needs to be >0.04>° (or a/D,, > 0.07*°). In our designed
channel size, the a/D, ratio is around 0.01 for isolated
mitochondria, which indicates that the inertial lift forces will be

small on particles with sizes as small as mitochondria.
Therefore, instead of concentrating on the mitochondria, we
are trying to concentrate the large debris and thus separate
them from mitochondria. We choose the double-inlet Spiral/
Dean flow fractionation (DFF*’) to achieve the isolation of
smaller micro- or nanometer-sized elements through well-
controlled Dean migration. We also discuss the friction effect
due to the channel roughness in the Supporting Information.

A vparticularly important use case is the separation of
particles based on their physical properties™”>*~> such as size,
charge, mass, etc. The Dean flow-based force will exhibit
different drags on different particle sizes as they sample
different flow velocity field profiles. This has been exploited for
two types of separation: “soft” and “hard” particles. The “hard”
particles are latex beads done mostly for test and
demonstration purposes. The “soft” particles are blood cells,
which have a deformable lipid bilayer cell wall. Only one case
of mitochondria has been shown. Mitochondria can be
considered somewhere between soft and hard as the lipid
bilayer is rich in cardiolipin giving different mechanical
properties as compared to cell walls and because the viscosity
of the internal matrix of mitochondria is much higher than the
cytoplasm. These are only qualitative statements as a detailed
mechanical model of the deformation properties of isolated
mitochondria has never been published and is not known
quantitatively. For this reason, also, one should not expect
experiments in either cells or latex beads to be representative of
mitochondria separation experiments.

In spite of this uncertainty, Tesauro et al’s report™ has
shown interior microfluidic separation, but they did not show
the vitality of the isolated mitochondria and they used
photolithography. In our work, we have scaled the channel
dimensions of their design by 2X (h = 50—100 gm, w = 100—
200 ym) to relax the manufacturing tolerance due to the
simplified 3D printing technology we used. This gave rise to
comparable flow velocities; the channel area was 4X larger in
our work, and the optimal flow rate was 3X larger (60 vs 20
uL/min). Their hydraulic diameter was 66.7 ym vs ours at
133.3 pm. Therefore, the mechanism of separation in our work
vs Tesauro et al.’s is expected to be the same. In spite of a lack
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Figure 2. Schematic figure for the inertial microfluidic platform of mitochondria isolation. (A) The cross-section A and B show the migration of
isolated mitochondria undergoing secondary flow and (B) the final distribution of mitochondria and cell debris. (C) Collection of isolated
mitochondria stained with MitoTracker Green from the inner outlet and from the outer outlet (40X objective, scale: 20 ym).
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Figure 3. Protocols for isolation of mitochondria retrieved from (A) cell culture and (B) fresh mouse cardiac tissues.

of a detailed quantitative model of the separation mechanism,
the method works, once optimized for flow rates, and does not
damage mitochondria, in our extremely low cost to produce
3D printed channels. We now discuss in more detail the
inertial lift force in our geometry. The inertial lift force is
predicted to asymptotically scale as U?/H? for fixed particle
size and medium density,zg’48 where U is the mean flow
velocity and H is the channel dimension. Therefore, the lift
force for our geometry is comparable to that of the narrower
channels in Tesauro et al.’s since our H is 2X larger, and our U

is 3X larger. Thus, in our work, consistent with Tesauro et al’s,
the inertial lift force for mitochondrial particles is sufficient for
separation and concentration.

The mechanism of separation is a balance of the inertial lift
force and the Dean drag force. In contrast to prior work where
separation of particles of different sizes is achieved, we only
seek to separate mitochondrial particles from everything else,
similar to the way a high g centrifuge separates mitochondrial
particles but does not sort particles based on size. The detailed
balance of forces can in principle be simulated and calculated,
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but this is notoriously difficult to perform precisely. For
example, in Di Carlo’s report™® and Zhang et al.’s report,** it is
stated that “the exact mechanism and location of the
superposition of secondary flow and lift effects are complex
and unknown experimentally and theoretically such that I
currently can only speculate in Figure S on the precise
combined behavior.” Thus, similar to the literature, we are only
demonstrating that the two forces can be balanced but not
providing a detailed location within the channel that they are
focused on the equilibrium concentration. In contrast to other
literature, we are not separating different particles of the minor
difference in size but only separating mitochondrial particles
from much larger cellular debris such as the nucleus as well as
much smaller molecular contents, such as RNA and ribosomes.

B EXPERIMENTAL METHODS

Platform Design and Fabrication. In this study, an
inertial microfluidic platform was fabricated using a high-
resolution SLA 3D printer (Peopoly Moai) featuring 70 ym XY
resolution and 25 um Z resolution (Figures 1 and 2). The
platform was first drafted using commercial CAD drawing
software (Solidwork) and transformed into STL format. The
file was then sliced in the Z direction using Ultimaker Cura
software. The sliced file was then sent to the 3D printer with a
UV wavelength of 405 nm. The UV light was projected from
the bottom of the resin bath. Afterward, the platform was
cleaned with ethanol and exposed to a UV light with 405 nm
wavelength within a curing chamber for the post curing
process. The channel width was 200 ym with 500 ym spacing
in between, and the channel height was 100 ym. The design
was based on the principle described in Bhagat et al.’s report ™
with a/D, ratio of ~0.01, where a is the diameter of the
particle and D, is the hydraulic diameter of the channel. Later,
tubes were connected to the microchannel by tweezers and
sealed with epoxy instant mix glue (Loctite) to form the closed
microchannels. ARcare 90445, a medical grade pressure-
sensitive double-sided adhesive (Adhesive Research), was
attached onto the platform to seal and form the closed
channel, while the other side was attached to a rigid and
transparent plastic plate to avoid tape debonding caused by
high injecting pressure during fluidic manipulation.

Preparation of Mitochondria from the Hela Cell
Culture. HeLa cells used in this research were purchased from
ATCC. The cells were cultured for 2—3 days in 75 cm” tissue
flasks at 37 °C and 5% CO,. MitoTracker Green (ex/em 490/
516 nm) at 100 nM was added and incubated for 30 min. The
protease trypsin was used to detach cells from the flask, and the
same amount of medium was later added to stop the reaction.
The cell collections were centrifuged for S min at 1000g, and
the pellets were resuspended in ice-cold RBS buffer (S mM
KCl, 1 mM MgCl,, 20 mM HEPES (pH 7.0)) and incubated
on ice for 10 min. After incubation, the solution was
transferred into a glass homogenizer and we performed 40
strong strokes separately using loose and tight stroking. The
homogenate was then recentrifuged at 12,000g for 20 min at 4
°C. The collected supernatant was the isolated mitochondria.
Figure 3A shows the common procedures of mitochondria
isolation through differential centrifugation, immune capturing
with magnetic microbeads, and inertial microfluidics. Fluo-
rescence imaging of isolated mitochondria from cultured cells
was used to observe the migration results under inertial
focusing.

Preparation of Mitochondria from the Mouse Heart.
A fresh mouse cardiac tissue was retrieved using established
methods.’® After retrieval, the minced tissue was transferred
into a falcon tube with S mL of ice-cold RBS buffer (5 mM
KCl, 1 mM MgCl,, 20 mM HEPES (pH 7.0)) added and the
tube was then incubated on ice for 10 min. After incubation,
the solution was transferred into a glass homogenizer and we
performed 40 strong strokes separately using loose and tight
stroking. Next, we centrifuged the homogenate at 1000g for 5
min at 4 °C to remove large-scale debris. Half of the
supernatant was collected for inertial microfluidic testing use
(Solution B), and the rest was recentrifuged at 12,000g for 20
min at 4 °C as a control sample of purified isolated
mitochondria using standard methods. The pellet was collected
and resuspended in RBS buffer (Solution A) as the comparison
group (Figure 3B). All animal experiments were carried out in
an ethical manner, in accordance with the protocols approved
by the JACUC committees at the University of California,
Irvine.

Microscopy and Image Analysis. Slides were analyzed
with an Olympus IX71 microscope using 20X (LUCPlanFLN,
20X, NA = 0.45, Olympus) and 40X objectives (PlanApo 40X,
NA = 0.95, Olympus). The fluorophores were excited by UV
LEDs (M490L3, 350 mA, THORLABs). Fluorescence signals
from MitoTracker Green were selectively filtered through a
dichroic and bandpass filter (excitation: 490 nm, emission: 516
nm).

Mitochondria Respiration Assay. An Agilent Seahorse
XFe24 analyzer was used for measuring the oxygen
consumption rate (OCR) of isolated mitochondria according
to established protocols.”’ This provides a standard and
comprehensive method of assessing the key parameters of
mitochondrial function in isolated mitochondria: basal
respiration, ATP-linked respiration, H+ (proton) leak, maximal
respiration, spare respiratory capacity, and non-mitochondrial
respiration. The respiratory control ratio (RCR) can easily be
calculated as the ratio of state 3 to state 4 respiration.

After the protein concentration is determined, aliquots of
the isolated mitochondria solution were inserted into the wells
(10 pg/well, at least 4 wells/sample) at a final concentration of
10 pg of mitochondria in SO uL of 1X MAS buffer (Sucrose 70
mM, Mannitol 220 mM, KH,PO, 10 mM, MgCl, 5 mM,
EGTA 1 mM, fatty acid free BSA 0.2%, PIPES 25 mM, pH 6.8
at 37 °C) with substrates (S mM pyruvate and S mM malate).
Mitochondria were plated onto a Seahorse culture plate and
centrifuged at 2000g for 20 min at 4 °C. MAS (450 uL, 1X)
was added to each well and incubated at a 37 °C, non-CO,
incubator for 8 min.

The four injection ports were filled with (i) SS L, 40 mM
ADP, (ii) 60 uL, 25 pug/mL oligomycin, (iii) 65 uL, 40 uM
FCCP, and (iv) 70 uL, 40 uM Rotenone. The experimental
procedure is described below:

1. Measuring the basal respiration of isolated mitochondria.

2. Adding ADP, rapid oxygen consumption, and the
formation of ATP (state 3).

3. Adding oligomycin, the ATP synthesis inhibitor (state
4).

4. Adding FCCP, the uncoupler.

S. Adding Rotenone, interfering with complex I in the
ETC.

Definition of Isolation Efficiency. To determine the
isolation efficiency of the inertial microfluidic method, 1 mL of
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the retrieved mitochondria concentrations from both inner and
outer outlets was measured using the Bradford assay. For
example, the isolated mitochondria concentrations under a
flow rate of 50 yL/min were measured to be 1.58 pg/uL in the
inner outlet and 3.33 pg/uL in the outer outlet. The isolation
efficiency was then defined as 3.33/(1.58 + 3.33) = 68%. To
determine the isolation efficiencies versus the flow rates, three
distinct measurements were examined under each flow rate.

B RESULTS

The retrieved amount of the isolated mitochondria concen-
tration using the inertial microfluidic method relies on (i) the
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Figure 4. Isolation efficiency of mitochondria under different flow
rates using inertial microfluidics.

concentration of lysate and (ii) the length of isolating time.
Unlike the centrifugation method having a fixed isolation time,
the inertial method is more suitable for a small amount of
requirements (10 pg of mitochondria can be sorted out in 5 s
with the inertial microfluidic method compared to 20 min in
the traditional centrifugation method).

Isolation Efficiency vs Flow Rate. Although there has
been extensive theoretical and computation analysis of ideal
submicron particles such as latex beads,”’ ™ the exact
parameters for mitochondria isolation need to be determined
empirically due to the lack of models with enough
sophistication to predict quantitative yield. Thus, the

optimized flow rate for sorting was determined empirically.
From our experiences, an average of up to 73% of
mitochondria could be retrieved from the inner outlet when
using a flow rate of 50 yL/min (Figure 4).

Oxygen Consumption Rate for Isolated Mitochon-
dria. To further investigate whether the retrieved mitochon-
dria retain their biological functionality, an Agilent Seahorse
XFe24 analyzer was used for measuring the oxygen
consumption rate (OCR) of isolated mitochondria. The
isolated mitochondria under 50 uL/min flow rate were tested
and compared to the traditional centrifugation method. A
measure of “coupling” that retains utility is the respiratory
control ratio (RCR), an empirical parameter frequently used
for assessing the integrity of the mitochondria preparation
(Figure 5).

The respiratory control ratio (RCR) was from state 3
(ADP)/state 4 (oligomycin). The RCR value from the
mitochondria from the control group is used as the indicator
of the quality of the mitochondrial preparation. As the result
showed, the RCR values are calculated to 3.9 + 0.7 and 3.8 +
L.S corresponding to isolated mitochondria that undergo the
centrifugation method and inertial microfluidic method with
50 uL/min, respectively. The error bars are according to the
measurements of multiple wells. This work has shown for the
first time the use of microfluidic centrifugation for isolation of
vital mitochondria. The RCR is as good as or better than
traditional differential centrifugation.

The fact that the results from inertial microfluidic and
traditional centrifugation give rise to no difference in the
respiration results in Figure S is the most important point of
this work: This proves that the inertial microfluidic method,
with all of its advantages (discussed in more detail below),
produces isolated mitochondria with the same quality and
quantitative properties of mitochondria isolated and studied
with traditional centrifuges, a body of knowledge that has been
proven over 30 years of research and thousands of papers.”

B DISCUSSION

The motivation of this work is to build a fast and solid method
for a small amount of requirements of isolated mitochondria.
In Table 1, we compare and summarize our proposed inertial
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£ 800
o
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= —& Inertial microfluidic
g 600 (50 ul/min)
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Figure 5. Oxygen consumption rate (OCR) of isolated mitochondria under different isolation procedures and conditions.
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Table 1. Comparison of Mitochondria Isolation between the Centrifugation Method and Inertial Microfluidic Method Proposed in This Article

cons

pros

duration

yield

mechanism

performed within 3 h after isolation.

The integrity of mitochondria must be checked carefully after
isolation.

using a sucrose gradient.

easily obtained.
Mitochondria of higher purity can be prepared All the experiments that require intact mitochondria must be

Cultured cells are standardized models and

90—120 min

© cells

S0 ug per 10
(depends on cell types)

7—

centrifugation (DC)

1. differential

Mitochondria cannot be released from magnetic beads.
This may affect the mitochondrial ultrastructure and/or cover

15—60 min of incubating mitochondria with ~ This has high purity of isolated mitochondria.
antibody-coated magnetic beads

~4 times more than the
ultracentrifugation method

coated
52

2. antibody-
magnetic beads

epitopes on the mitochondrial outer membrane.

This is not suited for large amounts of mitochondrial
preparation.

This has high purity of isolated mitochondria.

100 pg of mitochondria from
1 g of wet yeast

53

3. affinity purification
using magnetic beads

Centrifugation is required.

Mitochondria are released from magnetic beads.

This does not require a large number of starting Incubation time highly affects the isolation efficiency.

materials and ultracentrifugation.

Transfection of epitope-tagged constructs is required.

sensitivity.

3.5 min immunoprecipitation with anti-HA  Epitope-tagged recombinant protein increases
bead

N/A

4. MITO-Tag**

This has the utility for assessing mitochondrial

metabolism in vivo.

This requires a small number of mitochondria.
The equipment is simple and does not need training.

This is a continuous batch process.

This simply injects lysate through a microfluidic
channel.

depends on the number of mitochondria
needed (seconds—minutes)

2 pg per second

microfluidics(this

S. inertial
proposal)

microfluidic method to the differential centrifugation (DC),
antibody-coated magnetic beads, affinity purification using
magnetic beads, and MITO-Tag.

DC is the most common laboratory method with stand-
ardized procedures and is suitable for most kinds of cell lines.
DC is also suitable for preparing a massive number of
mitochondria. The disadvantage of DC is that the entire
protocol takes about 1—2 h, and the centrifugation procedure
could cause disruption to mitochondria. Therefore, the
integrity of mitochondria must be checked carefully after
isolation. Magnetic beads coated with antibodies have been
used to isolate mitochondria in many reports. Horing-Do et
al.>” propose using microbeads conjugated to anti-TOM22
antibodies to achieve mitochondria isolation in a high gradient
magnetic field. The purity of mitochondria isolated in their
protocol is comparable to mitochondria obtained using the
ultracentrifuge method. However, this separation procedure
takes approximately an hour from initial cell homogenization
and the mitochondria cannot be released from magnetic beads,
which may affect the mitochondrial ultrastructure and cover
epitopes on the mitochondrial outer membrane. To minimize
the interference in subsequent mitochondria structural or
functional studies, Liao et al.>> apply the concept using nickel
ions to isolate recombinant proteins that are tagged with
multiple histidine (His) residues to isolate highly purified
mitochondria from yeast. The mitochondria concentrated from
cells expressing Tom70—6xHis were incubated with Ni-NTA
magnetic beads and then separated under magnetic fields.
However, ultracentrifuge is required in their protocol and the
incubation time of mitochondria with magnetic beads highly
affects the isolation efficiency. Another example is from
Bayraktar et al.>* presenting MITO-Tag mice, which enable
rapid isolation of mitochondria from specific cell types in vivo
(3—5 min). Instead of using an endogenous outer membrane
protein, they chose an epitope-tagged recombinant protein®”
to be the immunopurification handle because of the high
sensitivity and specificity of various epitope tags and their
cognate antibodies. By controlling the expression of Cre
recombinase, they can restrict epitope tagging of mitochondria
to a specific cell type and consequently immunoisolate
mitochondria with cell-type specificity from a piece of tissue
without the need for cell sorting.

On the other hand, the retrieved amount of the isolated
mitochondria concentration using the inertial microfluidic
method relies on (i) the concentration of lysate and (ii) the
length of isolating time. Unlike the centrifugation method
having a fixed isolation time, the inertial method is more
suitable for a small amount of samples. For example, with this
technique, 10 pg of mitochondria can be sorted out in S s with
the inertial microfluidic method. This is approximately the
number of mitochondria expected from a single cell. In Figure
S, the OCR data shows that the inertial microfluidic method
can generate isolated mitochondria with integrity as good as
the traditional method but faster when a small number of
isolated mitochondria are required. In addition, we can always
do batch processes to increase the yield and do not need a
professional specialist to handle the process.

B CONCLUSIONS

This work has shown for the first time the use of microfluidic
centrifugation for the isolation of vital mitochondria. The
RCR, the “industry standard” for the determination of the
integrity and quality of the isolated organelle, is as good as or
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better than traditional differential centrifugation. We anticipate
that the availability of improved tools for studies of
bioenergetics to the broader biological community will enable
bioenergetics to be explored in more meaningful ways, leading
to further understanding of the links between energy, health,
and disease, for both research and clinical diagnosis of
mitochondrial diseases. Now that we can isolate mitochondria
from a small number of cells, it is within the realm of
possibility to push this to the single-cell level with on-chip,
single-cell lysing technology. Coupled with on-chip down-
stream sorting and analysis of the hundreds of mitochondria
from a single cell, this could enable for the first time
technology to assay functional heteroplasmy of mitochondria
at the single-cell level.
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This Supplementary Information file includes the SEM images to show the wall roughness of the microchannel

and the calculation of Reynolds number and Dean number of using the platform.
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Figure S1: SEM image of microchannel sidewalls coated with 5 nm Iridium. (a) curvature channel, (b)

straight channel.
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Supplementary Discussion 1: Calculation of Reynolds number and Dean number

The Reynolds number (Re) is defined as the ratio of inertial force to viscous (or friction)
force, and can be expressed as:

Re=puDy/pn, Where

Re = Reynolds Number (non-dimensional),

p = density (kg/m?),

u = velocity based on the actual cross-sectional area of the duct or pipe (m/s),

u = dynamic viscosity (Ns/m?),

Dy, = hydraulic diameter (m), which is 4A/P, where A is the cross-sectional area of the flow,

and the P is the perimeter of the cross-section.

We use the water density 1000 kg/m? and the dynamic viscosity is 0.001 Ns/m? to do the
calculation.

The flowrate (Q) is calculated by A*V’, where A is the cross-section area and V’ is the
average velocity. Therefore, the average velocity is calculated as:

60 (ul/min) / 20000 (um?) = 5*10'° (um*/min)/ (2*¥10%) (um?) = 2.5 *10° um/min = 0.05 m/s.

The hydraulic diameter is calculated by:
4*(width*height)/(2*width+2*height) = 4*(100 um*200 um)/ 600 um ~= 133 um.

Therefore, the Re is calculated as:
1000 (kg/m?) * 0.05 (m/s) * 1.33*10* (m) / 0.001 (Ns/m?) ~= 6.65.

The Dean number (De) is calculated as:

Re*(Dn/2R)

Where R is the radius of curvature and we calculated to be ~ 3 mm. Therefore, the De is
calculated as = 6.65 * (133(um)/(2*3000) (um))®> ~= 0.9 (order of 0.1).

Supplementary Discussion 2: Channel roughness

To determine the surface roughness of the walls, we took SEM images of the fabricated
devices (Figure S1) and measure the roughness on the bottom of channel using Dektak. Based
on these images we estimate the wall surface roughness to be under 2 microns. Since this is
much less than the channel width, we believe this does not significantly affect the separation

efficiency.
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