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Abstract

Background and Aims: As themajor energy source formam-
malian cells, mitochondria have been the subject of numerous
studies. However, the isolation and purification of healthy mito-
chondria, especially from fresh tissue, remains challenging. The
most popular methods and kits involve various centrifugation
steps which require substantial time and equipment but do not
consistently provide pure preparations of functional mitochon-
dria. The aim of this study was to determine whether methods
could be devised to improve the purity and yield of functional
mitochondria from fresh tissue. Methods: Fresh mouse liver
was homogenized, and cells lysed. Particle size analysis, quan-
titation of mitochondrial DNA, mitochondrial oxygen consump-
tion, and purity of mitochondria (by electron microscopy) were
measured in samples after various purification steps and signifi-
cant differences determined. Results: A two-step procedure
consisting of centrifugation followed by filtration through 1.2m
and 0.8m filters resulted in uniform mitochondrial preparations
with diameters between 520–540 nm, and approximately
5-times more pure samples. The mitochondria thus obtained
had oxygen consumption and sensitivities to mitochondrial in-
hibitors that were indistinguishable from those purified by cen-
trifugation alone. Electron microscopy confirmed the presence
of more uniform and 4–5 times greater concentrations of mito-
chondria compared to centrifugation alone. Conclusions: A
two-step procedure consisting of sequential centrifugation fol-
lowed by filtration is a rapid method for the production of highly
purified, uniform and functional mitochondria.
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Introduction

Mitochondria are the power-houses of almost all eukaryotic
cells, generating about 90% of the chemical energy needed
for cell viability. They also possess copies of mitochondrial
specific DNA, which allow them to replicate as needed by the
host cells. However, mitochondria are fragile organelles and

have specific intracellular requirements to function optimally.
The host cell provides essential nutrients as well as proteins
and transcripts encoded by the genomic DNA. Hence, the
isolation and purification of healthy viable mitochondria have
been challenging. The types of buffers used, and the time
spent in the presence of those buffers have been shown to
influence the quality of the mitochondrial preparations. For
this reason, several kits have been produced containing
proprietary buffers. In addition to the buffer systems, most
methods to purify mitochondria rely on density gradient
ultracentrifugation. However, this method requires special-
ized equipment, and involves long spin times, during which
mitochondrial integrity can be compromised. Therefore, even
with the use of commercial kits, the quality, viability and yield
of mitochondria are variable. In the current study, we
describe a rapid and efficient method to prepare mitochondria
of a uniform size, with high levels of integrity and function.

Methods

Mitochondrial isolation from mouse liver

CD-1(ICR) mice of 21–30 days of age were anesthetized
using ketamine/xylazine administered by intraperitoneal
injection. The liver was removed and homogenized in the
mitochondria isolation buffer (IB), as described by Frezza
et al.1 A 100 mL solution of IB was prepared by adding 10 mL
of 0.1 M Tris-4-morpholinepropanesulfonic acid and 1 mL of
0.1 M ethylene-bis(oxyethylenenitrilo)tetraacetic acid to 20
mL of 1 M sucrose, adjusting the pH to 7.4, and bringing the
volume to 100 mL with distilled water. Protease inhibitor was
added in a 1:100 (volume) ratio to IB.

The homogenate was transferred to 15 mL conical centri-
fuge tubes (USA Scientific, Orlando, FL, USA) and centrifuged
at 10003g in an Allegra X – 14R centrifuge (Beckman Coulter,
Indianapolis, IN, USA) for 10 m at 48C, to pellet the nuclei,
debris and large particles. The supernatant was subsequently
transferred to 1.5 mL tubes (Eppendorf, San Diego, CA, USA)
and centrifuged at 7,0003g in the Eppendorf Centrifuge 5424 R
(Eppendorf) for 10 m at 48C. The supernatant was discarded;
the pellet was resuspended in 100mL of ice-cold IB, transferred
to a new 1.5 mL tube, and brought to 1 mL with IB. The
suspension was centrifuged at 7,0003g for 5 m at 48C to
eliminate small particles and debris. The supernatant was
discarded, and pellets were combined and resuspended in
1 mL of IB. A final purification step consisted of sequential
passage of the resuspended mitochondria through 1.2m and
0.8m pore filters using a 3-mL syringe. The preparation was
kept on ice and used within 1–3 h for measurement of
mitochondrial DNA, size and charge, integrity and function.
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Size analysis

The size of isolated mitochondria was measured using a laser
light scattering particle size analyzer (Model #90 Plus; Broo-
khaven Instruments, Holtsville, NY, USA). Freshly prepared
mitochondria were suspended in IB, and particle sizemeasured.

Quantitative real-time polymerase chain reaction
(qPCR)

DNA was extracted from isolated mitochondria (DNeasy kit;
Qiagen, Netherlands). Mitochondrial DNA (100 ng) was used as
a template for qPCR with primers designed to amplify a specific
region of mouse mitochondria at 116 bp product length
(primers: 5′-TCGCCTACTCCTCAGTTAGCCACA-3′, 5′-TGAT-
GATGTGAGGCCATGTGCGA-3′; Integrated DNA Technology,
Skokie, IL, USA). DDCt values were calculated to compare the
mitochondrial DNA to lactate dehydrogenase A signals as an
indication of nuclear DNA contamination (primers: 5′-TAAT-
GAAGGACTTGGCAGATGAACT-3′, 5′-ACGGCTTTCTCCCTCTTG-
CT-3′; Integrated DNA Technology). Copy number was
determined by preparation of a specific sequence of mouse
mitochondrial DNA (5′-TCGCCTACTCCTCAGTTAGCCACATAGCA-
CTTGTTATTGCATCAATCATAATCCAAACTCCATGAAGCTTCATAG-
GAGCAACAATACTAATAATCGCACATGGCCTCACATCATCA-3′) by
amplification, which was then used to generate a standard
curve from which quantities of experimental samples could be
determined.

Cytochrome C assay

Integrity of the mitochondrial outer membrane was deter-
mined by cytochrome c oxidase assay kit (Sigma-Aldrich, St.
Louis, MO, USA), as instructed by the manufacturer. In brief,
samples of freshly prepared mitochondria were suspended in
0.2 mg/mL in enzyme dilution buffer containing 1 mM
n-dodecyl b-D-maltoside (Sigma-Aldrich), as a detergent. A
control sample was suspended in 0.2 mg/mL in enzyme
dilution buffer alone. Samples were incubated at 4�C for
10 m, and then 20 mL of each sample was added to cuvettes
containing 950 mL of assay buffer (10 mM Tris-HCl, 120 mM
KCl, pH 7.0) and 80 mL of enzyme dilution buffer. The cuvettes
were placed into a spectrophotometer. The assay was started
by adding 50 mL of ferrocytochrome c substrate (Sigma-
Aldrich) (0.22 mM, reduced by dithiothreitol at a final con-
centration of 0.5 mM) to cuvettes and mixing by pipetting.
Absorbance (A550) was read at 5, 15, 25, 35 and 45 s after the
addition of ferrocytochrome c substrate. A graph of A550 as a
function of time was plotted to calculate the maximum linear
rate (A/s) for both sample and control. The degree of mito-
chondrial integrity was calculated by the equation below:

%lactate dehydrogenase A ¼
½DA=sðwith detergentÞ - DA=sðwithout detergentÞ�=
½DA=sðwith detergentÞ�3100%

DA=s¼A=sðsampleÞ - A=sðblankÞ

Transmission electron microscopy

Samples of mitochondria from before and after filtration were
fixed with glutaraldehyde 2.5%, stained with uranyl acetate

(Sigma-Aldrich), embedded in plastic, sectioned (Ultramicro-
tome Leica Electron Microscope UC7; Leica Biosystems, Buffalo
Grove, IL, USA) and examined by transmission electron micro-
scopy on a Hitachi H-7650 transmission electron microscope
(Tokyo, Japan). The numbers of intact mitochondria were
quantitated per field using ImageJ.exe and expressed as
means± standard deviations per field at identicalmagnifications.

Respiration assay

The respiration mitochondria as determined by oxygen con-
sumption were assayed using the Seahorse Analyzer XF24
(Seahorse Bioscience, North Billerica, MA, USA) as described
in the Seahorse isolated mitochondria respiration assay proto-
col. Mitochondria, 8 mg measured by BCA protein assay (Pierce,
Rockford, IL, USA) were placed in each well, and exposed
sequentially to adenosine diphosphate (ADP), oligomycin, car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP),
and antimycin. Oxygen consumption was expressed in units
of pmole/m normalized to the amount of mitochondrial DNA
present as determined by qPCR and expressed as means +
standard deviations.

Results

Table 1 shows laser light scattering data on particle size and
charge at various stages of mitochondrial preparation. The
mean particle diameter from after the low speed was 295 nm,
reflecting elimination of large impurities. After the first and
second high-speed spins, the mean particle diameters increased
to 409 nm and 566 nm, respectively, reflecting elimination of
small debris. Electron microscopy images of mitochondria prep-
arations after high-speed spins still showed considerable evi-
dence of membrane fragments. For this reason, the effects of
filtration were studied. Table 1 shows that filtration through 1.2 m

and 0.8 m membranes progressively decreased mean particle
diameter to 536 nm and 520 nm, respectively.

Mitochondrial DNA

To quantitate the effects of the purification steps, mito-
chondrial DNA was measured by quantitative PCR analysis
by amplifying a specific region of 116 bp relative to lactate
dehydrogenase A, which is a marker of genomic DNA
contamination, and those sequences are absent in mito-
chondrial DNA. As shown in Table 1, mitochondrial DNA was
significantly purer after each step of filtration. The high-
and low-speed spins resulted in a 1.7-fold increase in mito-
chondrial DNA over genomic contamination. The additional
filtration steps increased the ratio 6.7-fold. To provide a
better comparison in terms of amount of mitochondrial
DNA at each step, the mitochondrial to LDH copy number
ratio increased from 1200 to 8000 after that last filtration
step. The data indicate that the sequential filtration steps
significantly improve the mitochondrial purity compared to
the standard method of varying speed spins alone.

Integrity of the mitochondria outer membrane

In order to assess if the mitochondria were intact after
passing the filters, cytochrome C activity assay was used to
test for the integrity of the mitochondria outer membrane.
The values obtained showed that 95±3.1% of the isolated
mitochondria remained intact after the final filtration step.
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Mitochondrial function

The cytochrome assay showed that the isolated mitochondria
remained intact after filtration. However, other damage could
have occurred during the purification steps, especially after
the pressure applied during the sequential filtration steps. To
determine whether or not the filtration resulted in significa-
tion changes in mitochondrial function, measurement of
mitochondrial respiration function was undertaken. Fig. 1
shows that respiration mitochondria after the standard
high-speed spin prep was indistinguishable from that
of mitochondria purified by sequential filtration. In particular,
in mitochondria before filtration, activation by ADP increased
the oxygen consumption rate from 170 to 530 pmol/m. Sim-
ilarly, for mitochondria after spins and dual sequential filtra-
tion, activation by ADP increased oxygen consumption rate
from 180 to 540 pmol/m. Oligomycin decreased the oxygen
consumption rate for mitochondria from high-speed spins
alone and spins plus filtration by about 30%. Release by
FCCP and final inactivation by antimycin, all characteristic of
mitochondrial oxygen consumption, were not significantly dif-
ferent. The data suggest that the mitochondrial samples
retained their energy generating function, and the filtrations
did not significantly alter mitochondrial respiratory function.

Electron microscopy

Electron micrograph analysis was performed to determine
whether there were visible differences in the mitochondrial
preparations purified by standard high-speed spins alone
(before filtration), and those after spins and sequential
centrifugation. Fig. 2, left panel shows that at 50003 there
was a considerable amount of large and small membranous
debris in the filtered mitochondria compared to the mitochon-
dria before filtration. In contrast, there was much less membra-
nous debris after filtrations (Fig. 2, middle panel). Furthermore,
as seen in Fig. 2, right panel, the mean number of mitochon-
dria identified per field after spins alone was 17, while the
mean number of mitochondria per field was measured as 50.
This difference between preparations only centrifuged com-
pared to sequential centrifugation and filtration was signifi-
cantly different.

Discussion

There have been many different methods published on the
preparation and isolation of mitochondria.1–4 There are also
several commercial kits available for this purpose (e.g., mito-
chondria isolation kit by Thermo Scientific, MITOISO2 by Sigma,
and Qproteome by Qiagen).5–8 The reason for the diversity of

Table 1. Particle size and mitochondrial DNA data at various steps in mitochondrial purification

Purification Step Particle Size in nm
Mitochondrial DNA as
fold-change/LDHA

Mitochondrial DNA as mitochondrial
copy number/LDHA

10003g spin: Supernatant 300610 1.0 12006270

First 70003g spin: Pellet 410610 1.3 15906390

Second 70003g spin: Pellet 570620 1.7 19906420

Filtrate: 1.2 m 540620 4.2 505061400

Filtrate: 0.8 m 520610 6.7 801061590

Abbreviation: LDHA, lactate dehydrogenase A.

Fig. 1. Oxygen consumption. The data are expressed in units of pmol/m normalized to the amount of mitochondrial DNA present as determined by qPCR and expressed as
means ± standard deviation.

Abbreviation: qPCR, quantitative real time polymerase chain reaction.
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methods lies in the fragility of the membranous structures, and
sensitivity to changes in pH, osmolality, temperature, and ionic
concentrations. This is especially true for isolation of mitochon-
dria from tissues, where homogenization is required before the
isolation process.9 Indeed, there are separate and general
simpler protocols for isolation of mitochondria from cultured
cells.10 For final purification, equilibrium density gradient ultra-
centrifugation is probably themost popular technique. However,
this method requires special equipment and considerable time
for the mitochondria to reach their density. This is usually not a
problem for structural studies but can be a problem for func-
tional studies. Variability in the quality, viability, and yield of
mitochondria have been reported.11

Besides equilibrium density gradient ultracentrifugation,
other physical methods have been studied to improve the
purity of mitochondrial preparations. For example, Banik and
Dhar12 isolated functional mitochondria using paramagnetic
iron oxide nanoparticles. Although purification was achieved,
the nanoparticles could not be separated from the mitochon-
dria after isolation, which might limit the value of this method.
Free-flow zonal electrophoresis was also used to purify mito-
chondria,13 which requires a special free-flow apparatus and
considerable time for preparation.

We found that low- and high-speed spin steps based on the
method previously described by Frezza et al.1 provided good
initial removal of cellular debris without significantly altering
mitochondrial function (data not shown). Filtration has been
described previously to eliminate relatively large particulate
matter from mitochondrial preparations. For example, Preble
et al.14 used filtration through sequential 40m and 10m nylon
filters, followed by a high-speed spin for final purification of
mitochondria from fresh muscle tissue.14 Because the mean
diameter of mitochondria has been reported to be between
500 and 1000 nm, these membrane filters allowmitochondria
to pass though while removing large debris such as incom-
pletely lysed cells and large organelle aggregates.

Our selection of the much more restrictive 1.2m and 0.8m
filters was designed to increase the purity of preparations by
maximizing the elimination of debris larger than mitochondria.
Indeed, some large mitochondria were doubtless also lost

during our preparation. However, because we were interested
in obtaining not only the purest but the smallest and most
uniform populations of mitochondria, these filters served our
purposes best. If uniformly small mitochondria are not needed,
a single filtration through 1.2m filter would improve the yield.
Nevertheless, this is the first description of a mitochondrial
isolationmethod using simple rapid spin steps and a sequential
sub-1.2m filtration to provide isolated uniform highly purified
and functional mitochondria from liver tissue.

We conclude that a two-step procedure consisting of
sequential centrifugation followed by membrane filtration
results in preparations of highly purified, uniform, and func-
tional mitochondria, and represents a significant improvement
in the preparation of mitochondria from fresh liver tissue.
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