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Abstract This technical note reports on a new procedure
to on-column-label organelles sampled from a tissue cross
section into a fused silica capillary. These organelles are
then analyzed by capillary electrophoresis with postcolumn
laser-induced fluorescence detection. In this procedure, the
fluorescent label does not come in contact with the tissue,
which facilitates visualization of the sampled tissue cross
section. In addition, on-column labeling allows for better
control of the reaction time and fluorescent label con-
centrations. As a proof-of-principle, we show results of
mitochondria from rat gastrocnemius muscle cross sections
that were on-column-labeled with 10-N-nonyl acridine or-
ange (NAO), a mitochondrion-specific probe, and compare
them with results for NAO in-tissue labeling of the same
tissue. The new organelle labeling procedure reported here
may easily be extended to the analysis of individual
organelles in other biological samples and may become a
valuable tool in studies investigating the role of mitochon-
dria in muscle aging and exercise physiology.
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Introduction

Analysis of mitochondrial properties in highly heteroge-
neous muscle tissue cross sections usually relies on
histological procedures in which micron-thick tissue slices
are stained with specific markers for enzymatic activity or
biochemical function [1]. These histochemical procedures
are fast, report simultaneously on the status of all the fibers
in a muscle cross section, aid in fiber typing, and may
provide reference maps for other techniques yielding
complementary information, e.g., tissue profiling by mass
spectrometry [2]. The emergence of other complementary
techniques would be highly beneficial to histology.

We have reported the use of capillary electrophoresis (CE)
with postcolumn laser-induced fluorescence (LIF) detection
for direct tissue analysis [3]. In this technique, the injection
end of the capillary is used to directly suction a small sample
from a tissue cross section. Because of the capillary dimen-
sions (e.g., 50-μm inner diameter, i.d.), areas usually smaller
than the cross section of a single fiber are sampled. After
sampling, the injection end of the capillary is placed in a
running buffer vial. By applying an electric field, mitochon-
dria electromigrate toward an LIF detector where they are
detected individually [3, 4]. The number of mitochondria,
their electrophoretic mobility distribution, and their fluores-
cence intensity distribution are then calculated from the
detector’s measurements. The number of mitochondria is
relevant in determining the role that these organelles may
have in the production of ATP in the muscle [5]. The
electrophoretic mobility of individual organelles is related to
the electrical charge status of the organelle and its dimensions
[3, 4], and is a largely unexplored property in organelles. The
fluorescence intensity depends on chemical content or
function. For example, 10-N-nonyl acridine orange (NAO)
fluorescence intensity is related to the cardiolipin content of
mitochondria [6].

Instead of fluorescently labeling mitochondria while
they are still in the tissue cross section, a more versatile
approach would be to carry out labeling on-column after
sampling. On-column labeling has been used to label
proteins and peptides [7–9]. After sequentially introducing
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separate nanoliter volumes of solutions containing the
analytes and the labeling reagents into the capillary, a short
electric pulse causes electrophoretic mixing, thus allowing
for the labeling reaction to occur. The precise timing of
these events and the subsequent CE separation provide an
excellent control over the mixing of the labeling reagent
and the sample. Furthermore, on-column labeling uses
nanoliters of sample and labeling reagents, which is
possible when using low-volume samples and is fairly
attractive when expensive reagents are involved.

In this report, we extend on-column labeling to the CE-
LIF analysis of biological particles (i.e., mitochondria).
Instead of using electrophoretic mixing, the sample contain-
ing mitochondria is sandwiched between two NAO plugs,
and then sufficient time is allowed for mixing by diffusion.
Besides the advantages of the on-column labeling proce-
dures mentioned before, this labeling procedure prevents the
user from treating the entire tissue cross section with the
labeling reagents. The CE-LIF results reveal that this
procedure effectively labels the sampled mitochondria.

Experimental

Reagents Sucrose, dimethyl sulfoxide (DMSO) and ethanol
were purchased from Fisher Scientific (Pittsburg, PA,
USA). Trypsin and N-(2-hydroxyethyl)piperazine-N-eth-
anesulfonic acid (HEPES) were purchased from Sigma (St.
Louis, MO, USA). KOH was purchased from Aldrich
(Milwaukee, WI, USA). Fluorescein and NAO were pur-
chased from Molecular Probes (Eugene, OR, USA). The
separation buffer contained 10 mM HEPES, 250 mM
sucrose and was adjusted to pH 7.4 with KOH (CE buffer).
Stock solutions of 1 mM fluorescein and 1 mM NAO were
made in ethanol and DMSO, respectively. For tissue treat-
ment prior to on-column NAO labeling, trypsin was diluted
to 0.5 g L−1 with CE buffer before the experiment.
Fluorescein was diluted to 1 nM and NAO was diluted to
5 μM with CE buffer prior to use. All buffers were made
with Milli-Q deionized water and filtered with a 0.22-μm
filter before use.

Animal and tissue preparation The gastrocnemius muscle
was dissected from an anesthetized rat according to the
protocol approved by the Animal Use Committee of the
University of Minnesota. Next, the superficial portion of
the muscle (defined as white gastrocnemius) was delin-
eated and quickly frozen in isopentane, cooled in liquid
nitrogen, and stored at −80°C. Serial sections (10 μm)
were cut using a cryostat microtome maintained at −25°C.
Each cross section was mounted onto a silanized-coated
glass slide and stored at −20°C. On the day of the analysis,
the tissue was brought to room temperature immediately
prior to direct sampling.

On-columnNAO labeling and direct sampling ofmitochondria
Figure 1 shows the steps used for direct sampling and on-
column labeling of mitochondria. Using a micropipette,
10 μL of 5 μM NAO was delivered onto the microscope

glass slide close to the region of the tissue cross section
(Fig. 1a). The injection end of a 45-cm-long CE capillary
(50-μm i.d.) was mounted in a single-cell injector that
moved in the x–y–z direction with micromanipulators
(MX100L and MW1, Soma Scientific, Irvine, CA, USA)
as previously described [10]. The capillary was brought
into the NAO drop on the microscope glass slide and
3.8 nL of the NAO solution was introduced into the
capillary by applying −11 kPa for 1.0 s. An electronic
three-way solenoid valve (part no. 4-8-900, VAC-
100PSIG, Parker Instrumentation, Fairfield, NJ, USA)
that hydrodynamically connects the detector end with a
reservoir placed 110 cm below the tissue cross section was
used to apply the pulse of negative pressure. The process
was monitored with an inverted fluorescence microscope
(Eclipse TE300 Nikon, Huntley, IL, USA).

After injection of the first plug of NAO, the capillary was
brought slightly above the fiber to be sampled (marked with

Fig. 1 Procedure for direct sampling of mitochondria from a single
muscle fiber cross section followed by their on-column labeling with
10-N-nonyl acridine orange (NAO). a The injection end of the
capillary is immersed into a drop of NAO solution and approximate-
ly 3.8 nL is hydrodynamically introduced into the capillary. b The
capillary is brought in contact with a fiber and −11 kPa for 1 s
introduces the tissue sample into the capillary. c The capillary is
brought back into the NAO solution and a second approximately
3.8-nL plug is introduced into the capillary. d While the capillary is
kept in a vial containing capillary electrophoresis run buffer,
diffusion causes mixing, making it possible to label mitochondria
with NAO. e, f Bright-field images showing a white gastrocnemius
muscle fiber cross section; the star marks a fiber before (e) and after
(f) sampling, respectively
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a star in Fig. 1e,f) and 1 μL of 0.5 mg mL−1 trypsin was
delivered to the same region of the tissue using a micro-
pipette and then allowed to sit for 5 min. For sampling, the
capillary was lowered until it established minimal contact
with the targeted fiber and −11-kPa pressure was then
applied for 1 s. This process resulted in the introduction of
mitochondria from the selected fiber cross section and
surrounding buffer onto the capillary. Then, the capillary was
brought back into the NAO drop to introduce another 3.8 nL
of NAO solution into the capillary (Fig. 1c). The second
NAO plug prevented the sample from leaking out from the
capillary during the on-column reaction that was allowed to
occur for 5 min while the capillary was being held in a vial
containing CE buffer (Fig. 1d). The second plug of NAO
also provided a second source of labeling reagent from
which NAO could diffuse toward the sample. In order to
minimize perturbations during the labeling reaction, the in-
jection end of the capillary was not removed from the holder,
but the capillary holder was moved away from the slide so
that the vial containing the CE run buffer could be placed
underneath the holder and clamped in place. Upon termina-
tion of the reaction, CE analysis was begun by applying −9-
kV high voltage on a 45-cm-long capillary (electric field
−200 V cm−1). Control experiments were performed under
the same conditions using either the tissue without NAO (an
equal amount of buffer was sampled instead of NAO) or just
two NAO plugs sandwiching a plug of CE buffer.

After sampling, the status of the tissue cross section
near the sampled fiber was observed under the micro-
scope. Figure 1f shows a cross section in which a sampled
fiber is marked by a star. The curved dark lines on the
tissue are the result of the capillary tip deforming the tissue
owing to contact during the sampling.

In-tissue NAO labeling and direct sampling of mitochondria
A previously described procedure with minor modifica-
tions was used for the in-tissue labeling of mitochondria
prior to CE-LIF analysis [3]. Briefly, 1 μL of a solution
containing 10 μM NAO and 1 μL of a solution containing
0.5 g L−1 trypsin was delivered on top of the tissue cross
section and allowed to incubate for more than 5 min. The
exact timing was difficult to determine owing to the extra
time spent on positioning and manipulating the tissue prior
to sampling. Upon completion of the incubation period, mi-
tochondria were sampled from the targeted fiber at −11-kPa
pressure for 1 s and then analyzed by CE-LIF, as described
before for the on-column NAO labeling procedure.

Instrumentation The CE-LIF instrument has been previously
described [3, 11]. Mitochondria separations were performed
using a 50-μm i.d., 150-μm outer diameter poly(acrylami-
nopropanol)-coated capillary as previously reported [3, 4].
The electroosmotic flow mobility was (1.1±0.1)×10−5 cm2

V−1 s−1 as determined by the current monitoring method
[12]. The excitation source was a 488-nm, 4-mW, Ar-ion
laser (JDS Uniphase, San Jose, CA, USA). Emission in the
range 522–552 nm was spectrally filtered using a
535DF35 interference filter (Omega Optical, Bratteboro,
VT, USA) and detected with a photomultiplier tube

(Hamamatsu, Omega Optical). Scattering of the 488-nm
excitation line caused by bubbles, particulates, and
mitochondria in the sample was reduced using an ad-
ditional rejection band filter (488-53D, OD4, Omega
Optical) that was placed in front of the interference filter.
The photomultiplier tube output was electronically filtered
(RC=0.01 s) and then digitized using a PCI-MIO-16E-50
I/O board controlled by Labview software (National
Instruments, Austin, TX, USA). The data collection rate
was 100 Hz and the data were stored in binary files. The
detector alignment was optimized in a separate run for a
maximum signal to-noise ratio (S/N) (900±20) by using
1 nM fluorescein. The instrument variability for particle
detection was determined in a separate run by continu-
ously electromigrating 1-μm-diameter fluorescently la-
beled polystyrene beads (Fluoresbrite, Polysciences,
Warrington, PA, USA) suspended in CE buffer (S/
N=400±50, n=3). The capillary was reconditioned be-
tween runs by pressure flushing 2 min each time with
water, methanol, water, and CE buffer.

The data analysis procedure was done using Igor Pro
software (Wavemetrics, Lake Oswego, OR, USA) as
previously described with minor modifications [11].
Briefly, the Igor Pro routines measure the peak intensities
and migration times for the detected individual events with
S/N>3. The electrophoretic mobility for each individual
event (μ) is calculated as μ=LtM

−1E −1, where L is the
capillary length, tM is the migration time, and E is the
electric field.

Results and discussion

Successful on-column labeling of proteins or peptides as
well as on-column enzymatic reactions have been pre-
viously reported [7–9, 13, 14]. Although this approach
would seem to be applicable to the fluorescent labeling and

Fig. 2 Electropherograms of samples taken directly from single
muscle fiber cross sections and labeled on-column. AMuscle sample
labeled with NAO. B NAO control without mitochondria. C Con-
trol, mitochondria not labeled with NAO. Sampling and NAO
labeling conditions were as in Fig. 1. Separation conditions A 50-μm
inner diameter, 45-cm-long poly(acrylaminopropanol)-coated capil-
lary; 10 mM N-(2-hydroxyethyl)piperazine-N-ethanesulfonic acid
and 250 mM sucrose run buffer, pH 7.4; and −200 V cm−1 applied
voltage. Detection conditions as described in the “Experimental”
section
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analysis of sub-cellular-size particles such as mitochondria,
no reports have appeared on the subject. Here, we dem-
onstrate the use of on-column reactions to fluorescently
label mitochondria directly sampled from the cross section
of a single muscle fiber before their analysis by CE-LIF.

As shown in Fig. 1, the sample is sandwiched between
two 3.8-nL, 1.9-mm-long NAO plugs from which this
reagent diffuses into the sample region and labels mito-
chondria. Since buffer also enters the capillary during the
sample introduction, the maximum sample volume and
plug length would be 3.8 nL and 1.9 mm, respectively.
Using Fick’s second law of diffusion, after a 5-min
incubation time, an estimate of the NAO concentration at
the center of the sample plug is 4 μM. This estimate
assumes that (1) the NAO diffusion coefficient is ap-
proximately 4±10−6 cm2 s−1, (2) sub-micron-size mito-
chondria do not significantly diffuse during the incubation
time, and (3) diffusion of NAO toward the sample occurs
from both flanking NAO plugs. Use of only one NAO plug
is not adequate for on-column labeling because it would
result in a more asymmetric NAO concentration profile
across the plug sample. In addition, electrophoretic mixing
is not practical owing to the highly heterogeneous electro-
phoretic mobilities of mitochondria (Fig. 3). The two-
NAO-plug on-column labeling strategy was adopted for
the rest of the experiments.

Figure 2, trace A shows the electropherogram for the
sample taken from a single fiber cross section and then on-

column-labeled with the mitochondrion-selective NAO.
Control electropherograms, NAO without mitochondria
(Fig. 2, trace B) and mitochondria without NAO (Fig. 2,
trace C), confirm that most of the individual events in Fig. 2,
trace A result from labeling mitochondria with NAO. While
there were no events in the NAO control (Fig. 2, trace B), the
events in the mitochondria control electropherogram (Fig. 2,
trace C) are only a small fraction (5%) of the total number of
detected events for labeled mitochondria (19±6, n=3) and
have low intensities (Fig. 2, trace C, Fig. 3b, trace 3). These
low-intensity events may result from particulate autofluores-
cence or scattering that cannot be completely rejected, given
the optical configuration of the detector. Figure 2 and the
selectivity of NAO toward mitochondria both support the
observation that individually detected events are indeed
caused by mitochondria [6].

Trypsin treatment prior to sampling was necessary in
order to detect mitochondrial events. In the absence of
trypsin treatment, a very low number of events were
detected (6±3, n=3; data not shown). Trypsin has been
shown to cause partial digestion of the cytoskeleton
network and the subsequent redistribution of mitochondria
in muscle fibers [15]. This enzyme appears to digest the
contact points between the cytoskeleton and mitochondria,
making it possible to sample these organelles into the
capillary.

The results for on-column labeling and in-tissue labeling
of mitochondria from white gastrocnemius muscle cross

Fig. 3 Electrophoretic mobility and fluorescence intensity distribu-
tions for on-column and in-tissue NAO labeling of mitochondria.
Average electrophoretic mobility distributions (a) and sorted signal
intensities (b) of individual mitochondrial events for on-column
labeling (1) and in-tissue labeling (2). After calculating the
electrophoretic mobility for each event, the data were binned into
a separate histogram distribution for each sample, normalized by the

total number of events in the sample, and then averaged out (n=3).
The standard deviation for each bin is shown as a thinner line. In a,
the on-column labeling distribution is offset on the y-axis for clarity.
The sorted fluorescence intensities show the combined data of the
distributions shown in a and also include a control experiment (3) in
which the samples were not labeled with NAO. Other conditions are
as in Fig. 2

Table 1 Capillary electrophoresis with postcolumn laser-induced fluorescence detection (CE-LIF) results for on-column and in-tissue
labeling of mitochondria

Event number Average mobility
(×104 cm2 V−1 s−1)

Median mobility
(×104 cm2 V−1 s−1)

Average intensity (V) Median intensity (V)

On-column 19±6 –2.4±0.6 –2.3±0.2 1.5±0.3 1.4±0.3
In-tissue 36±10 –2.6±0.4 –2.5±0.1 0.6±0.2 0.7±0.2
Control 6±3 –a –a –a –a

The results correspond to the average and standard deviation of three samples
Conditions for CE-LIF analysis are the same as in Fig. 2. Other conditions are reported in the “Experimental” section
aThe values were not determined
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section and their corresponding CE-LIF analysis are shown
in (Table 1 and Fig. 3). Table 1 shows that there are fewer
mitochondrial events for on-column than for in-tissue NAO
labeling (i.e., 36±10, n=3, and 19±6, n=3, respectively).
This table also shows average and median measurements
that would be typical of bulk measurements. For electro-
phoretic mobility, the averages are (−2.4±0.6)×10−4 and
(−2.6±0.4)×10−4 cm2 V−1 s−1, respectively; the medians are
(−2.3±0.2)×10−4 and (−2.5±0.2)×10−4 cm2 V−1 s−1,
respectively. Both parameters are statistically undistin-
guishable at 95% confidence level between labeling meth-
ods.Moreover, the fluorescence intensity averages, 1.54±0.30
and 0.63±0.15, respectively, and medians, 1.42±0.34 and
0.70±0.21, respectively, are statistically different at the 95%
confidence level.

As already discussed and previously reported [3],
lengthening of the trypsin treatment appears to result in
the release of more mitochondrial events and the disen-
gagement of organelles that may have been tethered to each
other through cytoskeletal proteins. Since the length of the
trypsin treatment for the in-tissue NAO labeling procedure
was not rigorously timed (e.g. more than 5 min), it is not
surprising to detect more events for the in-tissue labeling
procedure. Similarly, the decrease in fluorescence intensity
for the in-tissue labeling procedure (Table 1), even when
the effective NAO concentration (i.e. 5 μMNAO) is higher
than the maximum NAO concentration predicted for the
on-column labeling procedure (i.e. 4 μM NAO), is con-
sistent with more extensive trypsin treatment resulting in
greater breakage between tethered organelles.

One of the advantages of individual organelle analysis
by CE-LIF is that the results can be represented as dis-
tributions of individual electrophoretic mobility and inten-
sity values, which can indicate the extent of heterogeneity
of such properties within a given sample. Qualitatively, as
shown in (Fig. 3a), the mobility distributions appear
different for the on-column NAO labeling and in-tissue
labeling procedures, and this may be caused by their
different trypsin treatments, as previously reported [3]. The
results of the shorter trypsin treatment of the on-column
labeling show a subgroup of mitochondrial events with
electrophoretic mobilities less than −3×10−4 cm2 V−1 s−1

that is not present for the longer trypsin treatment of the in-
tissue labeling. In contrast, an additional subgroup of
mitochondrial events with electrophoretic mobilities great-
er than −2×10−4 cm2 V−1 s−1 is present for the in-tissue
labeling results. Owing to the differences in trypsin
treatments, the present data cannot assess the contribution
of histological heterogeneity within the tissue samples to
the observed variations in electrophoretic mobilities.

A more comprehensive comparison between the elec-
trophoretic mobility data reported here and those in the
previous report [3] could not be pursued because the mus-
cle types are histologically different: here we used a white
gastrocnemius muscle, while a soleus muscle was used in
the previous report. The former is a fast-twitch glycolytic
muscle, while the latter is a slow-twitch oxidative muscle

which is expected to have more, highly interconnected
interfibrillar mitochondria. Morphological differences in
mitochondria may be related to the variations in electro-
phoretic mobilities of these organelles, a hypothesis based
on studies carried out on particles of similar dimensions
[16] that has never been directly tested on organelles.

As suggested by the sorted fluorescence intensities of the
individual events (Fig. 3b), the relative NAO content in the
individual mitochondrial events varies over a wide range.
Control experiments in which no NAO was used indicate
that the fluorescence intensity for these events is low
(Fig. 3b, trace 3); therefore, on-column and in-tissue NAO
labeling truly results in the detection of fluorescence
associated with the NAO content of each event, which in
turn is related to the relative abundance of cardiolipin in
each detected event [6].

Conclusions

The hyphenation of solid tissue sampling with separation
techniques (e.g., CE) is in its infancy. The on-column
labeling of mitochondria sampled from single muscle fiber
cross sections is a new analytical CE-LIF procedure
compatible with the analysis of highly variable organelle
properties in highly heterogeneous tissue. Since only the
fiber cross section that comes in contact with the capillary
is perturbed, neighboring fibers can be subsequently
sampled, allowing for comparisons among single fibers.
Furthermore, on-column labeling strategies may be easily
adapted to other labeling reagents and other organelles
sampled from muscle or other tissue cross sections. The on-
column procedure reported here could become an im-
portant resource for investigating changes in tissues as they
develop, age, or are affected by disease.
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