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Abstract

Abnormalities in mitochondrial function play a major role in many human diseases. It is often of critical importance to ascertain what
proportion of the mitochondria within a cell, or cells, bear a given mutation (the mitochondrial “demographics”). In this work, a rapid, novel,
on-chip procedure was used, in which a restriction enzyme was employed to excise a mitochondrial DNA (mtDNA) sequence from plasmid
DNA that acted as a prototypical mitochondrial genome. The DNA was then denatured, reassembled to form duplexes, fluorescently labelle
and analysed. This method was able to differentiate between a homogeneous population and a heterogeneous population. Using a microfluic
chip, the method could be performed in about 45 min, even without robotics or multiplexed operation, whereas conventional methods of
analysis require days to perform. This method may ultimately form the basis for a means of characterizing the mitochondrial demographics
of a single cell.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 16.5kb), containing several dozen genes, as well as a regu-
latory region called the ‘D-loop’. With each mitochondrion
Methods for controlling DNA self-assembly play a sig- containing up to 10 copies of the mitochondrial genome, and
nificant role in the life sciences, but macroscopic processeseach cell having hundreds or thousands of mitochondria, each
tend to be slow (ranging from hours to days), labour inten- cell may thus house many differing mitochondrial genomes.
sive, and expensive. There is thus a need to develop a rapidA cell having two or more variants of the mtDNA is referred
and inexpensive method of excising and analyzing specific to as being heteroplasmic, whereas one having a single type
DNA segments from a small sample. This work is a prelim- of mtDNA is homoplasmic.
inary demonstration of such a method, one that is based on Mitochondrial DNA mutations are associated with a wide
the control of the self-assembly of DNA within microfluidic  range of human diseases, with reports documenting their
devices. connection to cardiomyopathies, neurodegenerative disor-
An area of significant interest in the life sciences is the ders, Alzheimer disease, aging and carjé¢ér A common
analysis of mitochondrial DNA (mtDNA). The mitochondria  characteristic of mitochondrial diseases is a threshold effect
are sub-cellular organelles responsible for the bulk of cellular wherein a person presents with no or minor symptoms when
energy production and their DNA is circular (approximately the mutant population is below a threshold (typically about
80%) and very severe symptoms when the population exceeds
mponding author. Tel.: +1 780 492 6432; fax: +1 780 492 1811. th.at threShqkﬂZ]' For reaso_ns not completely understood, the
E-mail addressmanage@ece.ualberta.ca (D.P. Manage). mitochondrial demographics vary with cell type, thus often
1 These authors contributed equally to this work. requiring that samples be taken from various tisgagsin
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order to investigate such diseases effectively, a tool is neededhem to migrate more slowly than the homoduplexes. Often,
that can analyse mitochondrial demographics and determinehowever, molecules of very similar size and shape, such as
the proportion of mutant mitochondrial DNA. two homoduplexes, co-migrate such that separate peaks are
Using conventional methods, the analysis of mitochon- not resolved. Electrophoresis under conditions that enhance
drial DNA is problematic. The preparation of mtDNA is mobility differences can be used to determine the presence
very time consuming and labour intensive, and PCR ampli- of such a heterogeneous state, and thus the presence of DNA
fication of mtDNA sequences present challenges due to themutations (e.g[10,11).
many copies of the mtDNA that are present in the nuclear  The present study was part of an exploration of the poten-
genome[3]. Given the large tissue samples often used, the tiallink between mutationsin mtDNA and the onset of cancer,
effectiveness of many studies is further reduced by the falsewith the purpose of developing a method that ultimately will
assumption that all cells within the sample are identical. Even be capable of analyzing the mtDNA within a single cell and
with sufficient DNA and purification, the task of directly tracking the abundance of a mutant sub-population. The pur-
sequencing the region of interest is expensive and unlikely pose of this study was to move toward the development of a
to detect variations that account for less than 30% of the powerful microchip-based method for the analysis of hetero-
population[4]. This is problematic, as such minority pop- plasmy in a small sample of mtDNA. At this interim stage
ulations are very important in the study of mitochondrial of development we have used cloned fragments of mtDNA
diseases. This inability to resolve low levels of heteroplasmy in a plasmid vector as a prototype for the five-fold larger
has also led to controversy over whether the mtDNA in a mitochondrial genome.
normal cell is homoplasmic or heteroplasmic. Recentreports  In previous work we have demonstrated on-chip labelling,
suggest that heteroplasmy is the normal state in a variety ofHA [12] and SSCP[13] on PCR products in order to
human cell typeg5,6; Helmle and Glerum, unpublished] rapidly detect DNA mutations. Although this was an effective
Clearly, a method that can ease the task of analyzing mtDNA approach for detecting mutations in nuclear DNA (nDNA),
within a single cell is required in order to determine the role the use of PCR can obscure the presence of subpopulations
for mtDNA variants in human disease. Along with reducing in the sample (due to selective amplification). The present
sample size, such an analysis could underpin routine med-work, therefore, focused on the development of a quantitative
ical diagnostics that would ascertain the degree of mtDNA method withoutthe PCR amplification step. For this study, we
heteroplasmy in a patient and its relationship to the patient’s started with plasmid DNA that contained a mtDNA sequence
health. (referred to as the insert). We then digested on-chip to excise
Medintz et al[7] have amplified and sequenced samples the mtDNA insert. In addition, we denatured, re-annealed
of the mtDNA D-loop using a high-throughput system based, and labelled the DNA resulting from the plasmid digestion
in part, upon a microchip. In a further improvement of this in order to perform HA.
approach, Blazej et a8] recently applied the technique of
polymorphism ratio sequencing (PRS) to characterize mito-
chondrial DNA. The use of such microchip-based methods 2. Materials and methods
has the potential to greatly increase throughputs over those
presently achieved. Those methods were based upon off-chip The mtDNA fragments studied here were derived
amplifications and on-chip electrophoretic analysis. How- from total cellular DNA isolated from either normal
ever, it is well recognized that such sequencing methods arefibroblasts or normal blood samples. All samples were
a very costly means of determining the mutation status of a obtained from volunteers with informed consent. PCR
sampld9]. In an effortto reduce these costs, alternatives suchwas carried out using 150-300ng of template DNA in a
as heteroduplex analysis (HA) and single-strand conforma-25uL reaction volume (10 nglL primer, 1.5mM MgCh,
tion polymorphism (SSCP) analysis have been developed.0.1 mM dNTPs, 1U Taq Polymerase (Invitrogen)). The
An additional handicap of sequencing methods is that, asHyper Variable Region | (HVRI) PCR primers encom-
mentioned above, they can be ineffective if the sample is not passed nucleotides 16049-16402, and consisted of the for-
uniform, missing differing sequences that have an abundanceward primer, 5GTACCACCCAAGTATTGA-3 with 5-
of less than 309%4]. By contrast, HA has been found to be CGGAGGATGGTGGTCAA-3as the reverse primer. Reac-
capable of detecting mutated components that comprise agions were cycled 32 times for 30s at 92, 40s at 55C
little as 1% of the overall samp[&0]. and 50s at 72C. The 334 bp PCR samples were then puri-
InHA, DNA isfirst placed in denaturing conditions, where fied (QiaQuick PCR purification kit, Qiagen), ligated into a
double-stranded DNA (dsDNA) melts into two complemen- 3 kb plasmid vector (pGEM-T Easy, Invitrogen), and cultured
tary single strands of DNA (ssDNA). The conditions are then in E. coli. Plasmid DNA isolation fromE. coli was per-
altered so that the single strands are able to renature andormed using the GenElute Plasmid Miniprep Kit (Sigma).
recombine, either with a perfectly complementary sequenceEcaRl (New England Biolabs, Mississauga, Ont., Canada)
to form a homoduplex, or with a nearly perfect complemen- enzymatic digestion of a small portion of plasmid DNA was
tary sequence to form a heteroduplex. During electrophore- performed in order to confirm the presence of the mtDNA D-
sis, the imperfect fit of the heteroduplexes typically causes loop insert. Clones were sequenced with M13 fluorescently
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Fig. 1. Processing steps of the plasmid DNA: (a) four plasmids of 3 kb containing a 334 bp insert of mtDNA, two with wildtype inserts and two with inserts
containing a mutation; (b) enzymatic digestion to form four 3 kb linear strands (referred to as vector DNA) and four homoduplexes of insert DidArafjalen

to form eight single stranded 3 kb linear strands of vector DNA, four mutant and four wildtype single stranded 334 bp strands of insert DNA; anddtiprenat

to form four double stranded 3 kb strands of vector DNA, one homoduplex wildtype, one homoduplex mutant and two heteroduplexes double stranded 334 by
strands of inserted DNA.

labelled primers in order to determine the position and fre- 10% glycerol (w/w) (Sigma, Saint Louis, MO). This dilu-
quency of polymorphisms for each sample. tion, referred to as “5GS10G” was used as the sieving
Plasmids were cultured withik. coli, which maintain medium for electrophoresis. The running buffer, referred to
only a single type of plasmifd 4], in order to produce homo- as “1x TBE10G", was prepared by adding 10% glycerol
plasmic sources of the mtDNA sequence. Extraction of the to the 1x TBE buffer solution (w/w). Formamide (mini-
plasmid DNA from these colonies thus provides a stable mum 99.5%) was purchased from Sigma (Saint Louis, MO)
source of homoplasmic DNA. Using extracted plasmids with and deionized as per Sambrook and Rusgkel]. Sytox
known sequence variations, homoplasmic or heteroplasmicOrange (SO), an intercalator suitable for labelling dsDNA,
DNA populations were produced by mixing plasmidsinvary- was obtained as a5 mM stock solutionin DMSO from Molec-
ing ratios prior to introducing the samples onto the microchip. ular Probes (Eugene, OR).
Because of handling limitations, the smallest extracted DNA
samples mixed were on the order gill. 2.1.1. Off-chip labelling of DNA
We started with plasmid DNA containing mtDNA In the case of PCR products analysed on-chip, the prod-
sequence, which was excised by performing enzymatic diges-ucts were pre-labelled with SO by adding.B of doubly
tion on chip. We then performed HA on the chip as explained deionized water, 0.2L of 0.5uM SO, 0.45uL 1 x TBE10G
below.Fig. lillustrates this procedure: Starting with a mix- and 0.9.L of PCR sample. All other samples were labelled
ture of plasmids containing two different (mitochondrial) on-chip.
insert sequences, duplexes could be generated by excising,
denaturing and renaturing to form four different duplexes, 2.1.2. Off-chip enzymatic digestion

two homoduplexes and two heteroduplexes. For the purposes of comparison, some samples were
digested off-chip. One microliters of plasmid DNA was
2.1. Reagents digested with JuL EcaRl, according to the suggestions of

the manufacturer. Once digested, some of the samples were
The samples (“#1” and “#2") used for this work had multi- mixed and reannealed thermally so as to produce heterodu-
ple sequence differences compared to the wild-type mtDNA plexes.
sequence (www.mitomap.org). Sample #1 has the polymor-
phisms C16292T, C16294T and T16126C, while sample #2 2.2. Microchip methods
has T16093C, T16189C, G16213A, C16223T, C16278T and
insC16184 (Helmle and Glerum, unpublished). The PCR  The microfluidic devices (Micralyne, Edmonton, AB,
products were both from HVRI of the D-loop, with one Canada) are depicted Fig. 2 The Microfluidic Tool Kit
being a homoplasmic wild-type and the other a heteroplas- (.TK, Micralyne) was used to manipulate reagents and DNA
mic sample with seven sequence variations when comparedn these microchips. For the present work, a laser induced
to wild-type. fluorescence (LIF) system that provides excitation at a wave-
PCR reagents (polymerases and buffers) were from Invit- length of 532 nm and detection at 578 nm was used. A com-
rogen (Burlington, ON, Canada). GeneScan polymer was piled LABVIEW interface supplied by Micralyne was used
from Applied Biosystems (Foster City, CA). The RNase A, to record the LIF signal at 200 Hz. LIF detection was per-
EcaRl buffer, andEcoR| enzyme were obtained from Roche formed 76 mm downstream from the intersection. A*C
Diagnostics (Laval, QB, Canada). program was used to analyze the fluorescence data. Using
A standard Tris Borate with EDTA buffer (¢ TBE) was this program, spurious isolated spikes, peaks consisting of a
made using Tris-base and boric acid from Fisher Scien- single point due to electrical noise, were removed, and then
tific (Fair Lawn, NJ), and EDTA from Merck (Darmstadt, a low-pass filter was applied to the data by performing a run-
Germany). A dilution of 5% GeneScan polymer (Applied ning average with a neighbourhood of 30 points. Because of
Biosystems, Foster City, CA) in st TBE was mixed with the high rate of data acquisition, this low-pass filtering had
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Fig. 2. The simple cross microfluidic chip: (a) a depiction of the simple cross microfluidic chip with reservoirs, 2mm in diameter and 1.1 mm deep, linked
by microchannels nominally 20m deep and 5Qm wide. The microchip is nominally 95 mm long and 16 mm wide; (b) a depiction of the microchannel
intersection during the injection phase, showing the DNA (black) being drawn towards the sample waste well by applied potential; and (c) afdépiction o
intersection of the microchannels during the separation phase, showing DNA (black) from the microchannel intersection being drawn towagds gstebuff

well by applied potential. The contents of the injection arm (minus the intersection) are unaffected by this step.

no discernable effect upon the HA peaks. The analysis pro-used shorter injections of 5 s, wherein the DNA reaching the
gram created postscript files for all of the analysed data. More intersection by the end of the injection period has come from

details can be found in previous wakl].

2.3. Chip preparation

The digestion of plasmids (sizing), denaturation, renat-
uration, labeling, and HA, all were performed on the
microchip. The channels of the chip were filled with a sieving
matrix—5GS10G polymer containing QuM of the inter-
calating dye SO, for on-column labeling of dsDNA. The

within the injection channel, rather than the sample well.
After the injection step, the electrical connections between
the sample and sample waste wells were removed and
—6000 V was applied to the buffer well while the buffer waste
well was grounded. These potentials were applied for 180 s,
so that the DNA within the intersection (a volume of approx-
imately 50 pL) was moved towards the buffer waste well
(Fig. 2c). During this transport, DNA is separated accord-
ing to size and shape, with smaller, more compact molecules

plasmids and the reaction mix were placed in the sample well moving more quickly through the gel matrix.

(Fig. 2. The remaining wells were filled with £ TBE10G
running buffer, with 0.2.M SO added to the buffer waste
well to maintain intercalator levels in the microchannels.

2.5. Enzymatic digestion and initial analysis

Subsequent runs of a sample were done without replacing  The restriction enzyme digestion reaction mix was made
the polymer matrix, but the polymer was replenished when by adding 0.3.L RNase A, 2.5.L 10 x EcoRl buffer, 2.5uL

changing samples. Further details are availablé& 1.

2.4. Sample injection and separation

The ionic contents of the wells were moved through the
microchannels electrophoretically by applying high voltages.

EcdRl enzyme, and 11 4L water in a microcentrifuge tube.
The mixture was pipetted up and down to mix and stored on
ice until used. An aliquot of 1.hL of the reaction mixture
was placed in the sample well and {6 of a plasmid sam-

ple (either containing a single plasmid or an equal mixture
of plasmids) was added and pipetted up and down 10 times

Fluorescently labeled molecules were then detected in theto mix. This was then allowed to sit for 10 min in the chip

separation channel, 76 mm from the intersectieig.(2).
An electric field was used to draw DNA from the sample
well in the direction of the sample waste well by applying

to allow digestion to occur. During this time the chip was
covered with paper towel to help prevent photobleaching of
the dye. During this digestion, the enzyme cut the plasmids

—400V at the sample well and grounding the sample waste into linearized vector fragments and short D-loop inserts (i.e.

well for 40s, unless otherwise mentiondeid. 2b). Dur-
ing this long injection, the DNA has sufficient time to move

converting the DNA loops ofFig. 1a. to the dsDNA strands
of Fig. 1b.). After digestion, 1.pL of sample was removed

directly from the sample well past the intersection. We also from the sample well, and replaced bR of 0.2 x TBE2G.
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The difference between the amount of digest mix removed
and buffer added was to account for evaporation.

An electrophoretic run (as described in Sectibd) was
then performed to analyze the digested DNA, with separation
times generally reflecting the size of linear DNA fragments.

2.6. On-chip heteroduplex analysis

Following the initial analysis, 1.gL of the sample well
contents were removed, and.R of formamide, a DNA
denaturant, were added to the wells (approximately 67% of
the total volume). This converts the dsDNA showifig. 1b.
to the ssDNA shown irrig. 1c.). A second electrophoretic
runwas then performed, which served to manipulate the DNA
and did not, itself, acquire any data. As described in Vahedi
et al. this injects the ssDNA and clears the intersection while
allowing the ssDNA to recombine in the injection channel
[13]. Without the presence of the denaturant, the ssDNA
(Fig. 1c.) reassembles to form dsDNA duplexé&sg 1d.).
Finally, a third electrophoretic run was performed witha 5s
injection. With this short injection time, the separation step
sampled dsDNA from within the injection arm. Data from
this run was used to analyze the DNA sample for the pres-
ence of heteroduplexes, thus indicating whether or not the
sample was heterogeneous.

3. Results and discussion

To verify that the electrophoretic conditions used in these
experiments could demonstrate heteroduplex effects, we

compared the electropherograms from samples of: (1) a PCR?

product known to be homoplasmic and (2) a PCR product
of a sample known to be heteroplasmic. As expected for
the homoplasmic sampld&sig. 3a shows an electrophero-
gram with a single homoduplex peak. The heteroplasmic
sample,Fig. 3b, shows a variety of peaks from the var-
ious homoduplexes and heteroduplexes. These PCR prod
ucts were labelled off-chip and, although their signals were
very weak, the electropherograms were reproducible. Fur-
ther development of the procedure prompted us to use on-chip
labelling methods, which gave stronger sigria8j. In future,

we expectto use the SSCP method where each ssSDNA species
will give rise to one detected peak.

Fig. 4 shows an electropherogram corresponding to the
analysis of a sample that contained two populations of plas-
mids. The plasmids differ at nine positions in the human
mtDNA fragments and were enzymatically digested in the
sample well of the microchip (Sé&gg. 2) to selectively excise
the 334 bp sequence of mMtDNA, leaving a 2997 bp-length
vector fragment. Due to the use of intercalators, the fluo-

P. Taylor et al. / J. Chromatogr. B 822 (2005) 78-84

0.1301

0.1204

0.110

0.1004

Volts

0.090

0.080+

0.070
128
(a)

130
Seconds

0.083

0.078

Volts

0.073 4

0.068

130 135 140 145

Seconds

115 125

(b)

Fig. 3. Electropherograms (relative fluorescence units vs. time) of: a PCR
product known to be homoplasmic (a) and a PCR product of a sample known
to be heteroplasmic (b).

arriving near 130s. The leading peak near 180 s is shown in
more detail in the inset ofig. 4. It is apparent that there

is only a single peak present in the inset, indicating that we
cannot distinguish between wildtype and mutant populations
t this point (since both are homoduplex dsDNA).

Itis clear from the results dfig. 4that the on-chip digest
successfully excised enough of the human mtDNA to produce
distinct peaks. However, in order to produce a larger signal,
the digest could be improved to more completely excise the
insert from the plasmid. The vector peakHiy. 4, and sub-
sequent figures, is a double peak. The reason for this was

5.0 _
Vector
2.7kb
40 - i o) 30
% 0.4 ‘/
3.0 4 = 03
Z 0.2
:g 0.1+
2.0 1 176 178 180 182 184 186
’ Seconds
Uncut
10 4 nlns:;‘lal Insert
T ]L_ 1 o
0.0 T T T T T
110 130 150 170 190 210

Seconds

rescent signal is typically proportional to the strand length. Fig.4. Anelectropherogram ofa mixure of sample #1 and #2 containing two
Therefore, the single small peak near 180 s corresponds to thdyPes of mtDNA differing by 9 mutations following a 40 s injection after on-

. . . chip enzymatic excision. As expected, without denaturing and reannealling,
small, fast moving mitochondrial homO_dUplexeS (334bp). A only a single peak is seen. The small peak near 180 s represents the passage
stronger peak near 200's, corresponding to the vector DNA, of the 334 bp segment of human mtDNA, which is shown in more detail in

followed this peak. Uncut plasmids travel as a broad hump, the figure inset.
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determined in a separate experiment. In that experiment, an 40 -
enzyme (Ndel) was used, which, unligedRl, only cuts the
plasmid once, thus linearizing it. The resulting electrophero- 3.0 odiog
gram showed that the linearized vector peaks ran at the same . =3 “
time as the second of the two vector peaks seé&iignd (data S 20
not shown), thus suggesting that the second peak is the result - s
of the enzyme cutting the plasmid DNA at only one position LG P Insert
(partial digestion). Therefore, the faster peak is vector DNA b Su A
from which the plasmid DNA was completely excised, as it M m B Bn Ge 1o
runs more quickly, being the shorter of the two sequences (a) Seconds
(3kb).
In a separate experiment, we confirmed thatthe uncut plas-
mid DNA contributes the broad hump at 130 s. An experiment 5.01
was run with no enzyme in the digestion mixture, so that P el
the only peak present would be due to uncut plasmid. It was X
found that the undigested plasmid signal appeared as a hump, £ ek
running at the same position as the humpim 4. We hypoth- ” 207 Unant
. .. plasmid Insert
esize that the reason for the timing and shape of the uncut o B N
plasmid DNA hump is that the plasmid DNA self-assembles A |
into a compact form that migrates more quickly than linear S PR 7.
insert and vector peaks. Since it is likely that the plasmids (b) Seconds
will take on a variety of conformations, this will lead to vary-
ing degrees of accessibility of the DNA to the intercalator, #99
thus giving rise to a range of separation times—both from o adior
the variety of conformations and from the varying degrees of g K
intercalator labelling. This causes the signal to take the shape £z .1 > 03
of a hump, rather than a distinct peak. = - S T
To verify that the enzymatic digestion reagents did not | o] plasmid T
interfere with the generation of the heteroduplex effects, we . “u M |
tested two different plasmid preparations by digesting them, 0.0 : : : |
80 100 120 140 160

thermally reannealing the excised DNA and performing an
injection-separation run upon the re-annealed DNA (i.e. HA).

(c)

Seconds

At this stage, both digestion and re-annealing were done off Fig. 5. Electropherograms of samples containing two populations of

the chip.Fig. 5a and b show the results of the HA run of

mtDNA: (a) sample #1, (b) sample #2 differing by 9 mutations, and a mix-

samples #1 and #2, respectively. Since each plasmid sampleure of sample #1 and #2; and (c) using conventional heteroduplex analysis,
consisted of homoplasmic DNA, each of these samples gen-i-€- off-chip enzymatic excision and reannealling.

erated a single homoduplex peak. By contrBgj, 5c shows
the results of a mixture of sample #1 and sample #2. Clearly,
both homoduplexes and heteroduplexes have been formed.
Fig. 6shows an electropherogram for a mixture of sample
#1 and #2 after an on-chip enzymatic digestion and on-
chip denaturation (with formamide). While the uncut plasmid
peak and vector peaks remained the same in shape and time
of arrival, the insert peak clearly changed from a single peak
to one larger peak followed by two smaller ones. The insert
peaks are shown in more detail in the inset of this figure. The
appearance of this more complex peak structure reflects the
presence of variations in the DNA. The first peak likely repre-
sents the two homoduplexes, which, being the same size and
having no mismatched sequences, move down the separation
arm more quickly than the two heteroduplex peaks. The sec-
ond and third peaks are likely the two heteroduplex peaks.

Volts

Vector

2.7kb

Uncut 132 134 136 138 140 142
plasmid

Insert
03 7%

Seconds

Y

3kb

‘ T T
100 120 140
Seconds

T

160

Fig. 6. An electropherogram of the same mtDNA sample showfign4,
directly following a 5 s injection after the on-chip enzymatic excision, denat-

_Th_e_Shlf_t in t_lme betweeRigs. 5 and Geflects the dlﬁ_erence uration and reannealling. The small peaks near 135 s represents the passage
ininjection times. The peaks near 135 s were obtained repro-of the 334 bp segments of human mtDNA and are shown in more detail in the
ducibly, whereas some weaker peaks appeared randomly anthset of the figure. (* peaks were sporadic and not reproducible—all others
non-reproducibly, such as the peak at 116s, possibly duewere reproduced in repeated runs).
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to DNA-dye aggregates. As previously explained, it can be degree of heteroplasmy by mixing plasmids in the microchip

concluded that during the second electrophoretic run, the sample well. In future, this lab intends to apply this method

injection stage served to separate the ssDNA strands from thedirectly to cell lysates containing mtDNA. It is likely that the

formamide, as the electrically charged ssDNA moved into protocol used here could also suffice to extractand analyse the

the injection arm, while the electrically neutral formamide demographics of the D-loop DNA within the mitochondrial

remained in the sample well. This allowed the ssDNA that genome, a 16.5kb circular loop. To apply this method to

remained in the injection arm during the second separationthe entire mtDNA molecule, a more complex chip would be

to reassemble into dsDNA, forming both homoduplexes and required to enable the use of multiple enzymes to effectively

heteroduplexes within the microchip. SO does not bind to analyze a mtDNA region of interest.

ssDNA so ssDNA peaks are not visible in this work. We The present work illustrates the successful application of

did not analyze the second run, since it contained primarily the precursor of a method that may ultimately be used to

ssDNA. The third electrophoretic run (and subsequent runs) analyse the mtDNA demographics of a few cells or even a

served to move newly formed dsDNA from the injection arm single cell, given the large number of mtDNA molecules in

to the intersection, and then down the separation arm, wherea cell[1] and the ability, with intercalators, to detect single

the duplexes were detected as showRim 6. moleculeq15]. Combined with a more complete method of
It is clear fromFig. 6 that on-chip digestion and het- on-chip sample preparation, this would enable mitochondrial

eroduplex analysis in combination with on-column dsDNA diagnostics to be performed with the small quantity of cells

labelling was successful in detecting the sequence variationsprovided by a needle biopsy.

present in the sample. Although we have previously applied

on-chip HA and SSCP to (linear) PCR produdts], here we
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