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Research Article

Length-dependent DNA separations using
multiple end-attached peptide nucleic acid
amphiphiles in micellar electrokinetic
chromatography

End-labeled free-solution electrophoresis (ELFSE) is an alternative approach to gel-based
methods for size-based electrophoretic separation of DNA. In ELFSE, an electrically neutral
“drag-tag” is appended to DNA to add significant hydrodynamic drag, thereby breaking its
constant charge-to-friction ratio. Current drag-tag architecture relies on covalent attach-
ment of polymers to each DNA molecule. We have recently proposed the use of micellar
drag-tags in conjunction with sequence-specific hybridization of peptide nucleic acid
amphiphiles (PNAAs). This work investigates the effect of multiple PNAA attachment on
DNA resolution using MEKC. Simultaneous PNAA hybridization allows for the separation
of long DNA targets, up to 1012 bases, using micellar drag-tags. Each PNAA handle inde-
pendently interacts with the micellar phase, reducing the overall mobility of this complex
relative to individual PNAA binding. The sequence- and size-based dependence of this
separation technique is maintained with multiple PNAA binding over a range of DNA
sizes. Results are accurately described by ELFSE theory, yielding a = 54 for single-micelle
tagging and a = 142 for dual-micelle tagging. This method is the first example of a non-
covalent drag-tag used to separate DNA of 1000 bases based on both size and sequence.
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1 Introduction

End-labeled free-solution electrophoresis (ELFSE) is an elec-
trophoretic separation method proposed as a faster alter-
native to capillary gel electrophoresis (CGE) for the length-
based separation of DNA oligomers [1]. While such separa-
tions are commonplace in molecular biology labs, the main
application envisioned for ELFSE is DNA sequencing. Here,
oligomers up to 700 bases in length, and differing by only a
single base must be accurately resolved. This technique

relies on the addition of an uncharged group to DNA, com-
monly referred to as a “drag-tag”, to break the constant
charge-to-friction ratio of DNA and facilitate size-based
separations in the absence of a sieving matrix [2]. The elec-
trophoretic mobility (m) of the resulting polyampholyte is
given by the following expression:

m ¼ m0
L

Lþ a
(1)

where L is the length of the DNA oligomer, m0 is its mobility
in free solution, and a is a measure of the additional drag
imparted on the DNA as a result of drag-tag addition, quan-
tified in units of equivalent or “neutral” DNA bases. Since
diffusion and other processes give rise to band broadening in
free-solution electrophoresis, the resolution of populations
of oligomers with nearly the same length decreases with the
absolute length of those oligomers. This sets an upper bound
on the length of read that can be analyzed in a DNA-se-
quencing context.
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To increase the length of read accessible by ELFSE, con-
siderable effort has focused on the use of larger drag-tags to
maximize the parameter a. Current ELFSE drag-tags designs
consist of covalently attached, uncharged, water-soluble
macromolecules including natural proteins, polymers, syn-
thetic polypeptides and polypeptoids, and genetically engi-
neered polypeptides [3–6]. To avoid loss of resolution be-
tween DNA oligomers of similar but unequal length, ELFSE
drag-tags must be very monodisperse in size and not give
rise to band broadening by adsorption to capillary walls.

Recently, we proposed the use of surfactant micelles as
ELFSE drag-tags [7]. Micelles are water-soluble and form
fairly monodisperse populations of structures with a tunable
size and morphology. To encourage interaction with
micelles, DNA oligomers are alkylated by hybridization of a
nonpolar compound to a specific sequence on the oligomer
of interest. The nonpolar tag is a peptide nucleic acid
amphiphile (PNAA), an alkylated form of peptide nucleic
acid (PNA) [8]. PNA are very specific, stable DNA binders [9]
and are readily derivatized by peptide chemistry. These
properties are retained when the PNA peptide is derivatized
to form PNA amphiphiles [8, 10–12]. Importantly, the time-
scale for demicellization of Triton X-100 (TX-100) is in the
order of milliseconds to seconds [13, 14], so PNAA-tagged
DNA is expected to interact with many thousands of micelles
during the run. Therefore, micelles are expected to impart an
average drag on PNAA-tagged DNA that is highly uniform,
even if the micelles are not perfectly monodisperse.

We have recently demonstrated the use of nonionic
micelles of TX-100 as ELFSE drag-tags in CE [7]. To maintain
the interaction of micelles with alkylated DNA, it is necessary
to include micelles in the running buffer in a manner similar
to MEKC methods [15, 16]. PNAA is hybridized to DNA in
solution, and the mixture is injected into an uncoated CE
capillary pre-filled with a buffer containing TX-100 micelles.
The CE capillary is uncoated, and therefore a significant EOF
opposes the electrophoresis of negatively charged objects in
the capillary. On application of electric field, this combina-
tion of flows causes TX-100 micelles to perfuse through the
sample plug containing PNAA-tagged DNA oligomers.

Interaction of the micelles with the PNAA-tagged DNA
brings about elution first of the short, tagged DNA followed
by the longer, tagged DNA. Any untagged, free DNA has the
highest electrophoretic mobility and therefore elutes last.
The result is a length-based separation of DNA, with shortest
DNA emerging first and longest DNA emerging last.

The goal of this work is to determine what effect end-
attachment of two TX-100 micelles (Fig. 1) has on the PNAA-
MEKC separation, and to determine the maximum length of
tagged DNA that can be discriminated from untagged DNA.
This would be particularly useful in the identification of
specific nucleic-acid components from a biological sample,
given both their length and the presence of a short binding
sequence. Quantification of mRNA and microRNA are pos-
sible applications, and depending on the resolution provided,
micellar drag-tags may be useful for DNA sequencing.

2 Materials and methods

2.1 Reagents

Streptavidin-agarose and 3,30-diethylthiacarbocyanine
iodide [DiSC2(5)] were purchased from Aldrich (St. Louis,
MO). TX-100 was purchased from Fluka (Milwaukee, WI).
Bodipy 493/503 and DH5a Escherichia coli cells were pur-
chased from Invitrogen (Carlsbad, CA). All PCR-related
reagents were from Promega (Madison, WI). All other
reagents were purchased from Fisher Scientific (Pitts-
burgh, PA) and were of the highest grade available. PNAA
were manually synthesized as described elsewhere [8, 10]
and characterized on a PerSeptive Voyager STR MALDI-
TOF mass spectrometer (Applied Biosystems, Foster City,
CA). Observed and theoretical molecular weights were
PNAA1 – 3510.3 (3509.5), PNAA2 – 3483.8 (3481.5). All
synthetic DNA oligomers were purchased from Integrated
DNA Technologies (Coralville, IA), dissolved in either
nuclease-free water or 50 mM Tris MES (pH 8.0), and used
without further purification. Table 1 features all PNAA and
DNA used in this study.

Figure 1. Schematic of TX-100
micelle interaction with a DNA
target, mediated by PNAA/DNA
duplex formation. Binding sites
and sequences for PNAA1 and
PNAA2 are featured. For analyti-
cal convenience, the TX-100
micelle and the PNAA/DNA
duplex have been lumped to-
gether into a “tag complex”. E =
glutamic acid.
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Table 1. PNAA and DNA used in this study

Type Name Sequence

PNAA PNAA1 C18-agtgatctac-E4

PNAA2 C18-tgataccgct-E4

Forward primer DNA fp3-F 5’-F-GTAGATCACTCCGAATTCGTAATCATGTCATAGC

Reverse primer DNA B-rp0 5’-B-TGATACCGCTGCGGATAACAATTTCACACAGG
B-rp1 5’-B-GCTGATACCGCTAGCTCACTCATTAGGCACC
B-rp2 5’-B-GCTGATACCGCTTCGTATGTTGTGTGGAATTGTG
B-rp3 5’-B-GCTGATACCGCTTGGCCGATTCATTAATGCAGC
B-rp4 5’-B-GCTGATACCGCTTGGATAACCGTATTACCGCCT
B-rp5 5’-B-GCTGATACCGCTCGGAGCCTATGGAAAAACG
B-rp6 5’-B-GCTGATACCGCTACTGAGATACCTACAGCGTGAGC
B-rp7 5’-B-GCTGATACCGCTTGCCGCTAATCTGCTGCTTGCA

PNAA-binding sites are underlined. F = 6-carboxyfluorescein; B = Biotin.

2.2 PNAA/DNA hybridization

To ensure maximum hybridization, all PNAA-DNA mixtures
were heated to ca. 857C for 10 min in a dry bath incubator
and allowed to cool to room temperature over the course of
75 min. Hybridization buffer was 50 mM Tris MES (pH 8.0)
for CE experiments. These PNAA are incapable of binding to
dsDNA due to their mixed base makeup and experimental
pH utilized; therefore, all sequence-specific binding is at-
tributed to PNAA and ssDNA.

2.3 Primer design

The forward primer contained a 6-carboxyfluorescein (FAM)
appended to the 5’-end of the primer via a flexible hexa-ethy-
leneglycol spacer, which enabled DNA detection via fluores-
cence detection. Each reverse primer contained a biotin
appended to the 5’-end. PNAA recognition sequences, denot-
ed in Table 1, were appended to the 5’-end of all ssDNA
products by inclusion in the forward and reverse primer
design, rather than cloning it into the PCR template itself.
This allowed for consistent PNAA-binding site location (rela-
tive to DNA strand end), regardless of overall target length.

2.4 PCR conditions

All PCR reactions were conducted in a SmartCycler (Cep-
heid, Sunnyvale, CA) at a total volume of 100 mL. Symmetric
PCR reactions included the following reagents: 1000 nM
forward and reverse primer, 0.2 mM dNTP mixture, 2.5 mM
MgCl2, 1 6 PCR reaction buffer (50 mM KCl, 10 mM Tris-
HCl pH 9, 0.1% TX-100), 0.04 ng/mL plasmid pSP64 tem-
plate, and 0.04 U/mL Taq DNA polymerase. Plasmid pSP64
was produced in Subcloning Efficiency DH5a Competent
Escherichia coli cells. An initial template denaturation step of
120 s at 957C was conducted on each reaction. This was fol-
lowed by 30 cycles of 957C for 10 s (71, 96, 142, 224 bp) or

30 s (352 bp), 577C for 15 s or 30 s, and 727C for 15 s or 60 s.
The purity of each PCR reaction was assessed with TAE-
agarose gel electrophoresis. Full-length product bands were
subsequently excised from the gel using a clean scalpel, then
purified and resuspended in nuclease-free water using a
Wizard SV-Gel PCR cleanup kit (PromegaI).

Asymmetric PCR used the following reagents: 1000 nM
forward primer, 50 nM reverse primer, 0.2 mM dNTP mix-
ture, 2.5 mM MgCl2, 1 x GoTaq Flexi buffer, 0.04 ng/mL
plasmid pSP64 template, and 0.04 U/mL GoTaq DNA Poly-
merase. An initial template denaturation step of 120 s at
957C was conducted on each reaction. This was followed by
50 cycles of 957C for 30 s, 577C for 30 s, and 727C for 60 s.
DNA of lengths 71, 96, 142, 224, 352, 455, 660, and
1012 bases were used in this study. With these conditions, we
were unable to generate a sufficient quantity of ssDNA
longer than 1012 bases.

2.5 ssDNA generation

The ssDNA was generated and isolated using one of two
methods, depending on target length. For shorter PCR
products (71, 96, 142, 224, 352 bp) the 5’-biotin moiety,
which was incorporated into the full-length PCR amplicon,
was leveraged to immobilize full length dsDNA by introduc-
ing it to a packed column containing 400 mL streptavidin-
agarose slurry pre-equilibrated in 10 mM Tris/1 mM EDTA/
50 mM NaCl, pH 8.0. The mixture was allowed to bind for
20 min at room temperature, after which the column was
washed four times with the aforementioned buffer to remove
unbound primers and PCR reaction constituents. The
ssDNA elution was accomplished by adding 600 mL of 0.2 M
NaOH, and incubating the solution for 15 min at 377C.
Alkaline conditions have been shown to severely decrease
dsDNA stability, inducing a helix-to-coil transition near room
temperature for shorter strand lengths [17]. Samples then
underwent three buffer exchanges with 50 mM Tris MES
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(pH 8.0) using a 30 000 Da cutoff Microcon spin filter (Milli-
pore, Milford, MA). Each sample underwent volume reduc-
tion to ca. 25 mL. Final nucleic acid concentration was be-
tween 10 and 500 nM (strand basis) for all samples, as
judged by fluorescence measurements. To each DNA sample
1 mM C18-agtgatctac-E4 PNAA (PNAA1), 1 mM C18-tgataccgct-
E4 PNAA (PNAA2), or both were added and the mixture was
hybridized as previously described.

The biotin-streptavidin scheme was ill-suited for purifi-
cation of ssDNA from longer PCR amplicons (455, 660,
1012 bp). These products displayed poor column retention,
and required higher temperatures for strand melting, which
compromised the agarose matrix integrity. For these ampli-
cons, reverse primers were still labeled with a 5’-biotin
moiety for experimental consistency, but went unused in
the ssDNA capture scheme. Instead, ssDNA was directly
created using asymmetric PCR. Asymmetric PCR utilizes
unequal primer concentrations to generate both ss- and
dsDNA in a single reaction; once the limiting primer is fully
incorporated into dsDNA products, these serve as templates
for the linear amplification of one DNA strand. In a typical
reaction, ssDNA will be at a five- to tenfold higher con-
centration compared to dsDNA. Asymmetric PCR samples
then underwent buffer exchange, volume reduction, and
PNAA hybridization as previously described. If desired,
asymmetric PCR can also be used to generate the short
single-stranded products created with the biotin-streptavidin
scheme.

2.6 MEKC

MEKC was performed on a P/ACE MDQ (Beckman Coulter,
Fullerton, CA) equipped with an LIF detector. The capillary
used was a 50-mm id fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ), 31 cm total length, 21 cm length to
detector. A suite of TX-100 concentrations in Tris MES (pH
8.0) were used as the running buffer for all samples. TX-100
concentrations tested were 0, 1.2, 2.4, 3.6, 4.8, 6.4, 8, 12, 16,
24, 36, and 48 mM. Hydrodynamic injection (0.5 psi for 5 s)
was used to introduce sample into the capillary. Electropho-
retic separation was conducted under normal polarity (from
anode to cathode) with an electric field strength of 700 V/cm.
The capillary and sample chambers were maintained at 22
and 107C, respectively. LIF detection was performed at 488/
520 nm excitation/emission. Bodipy 493/503 was added to
the sample to determine the electroosmotic velocity of the
running buffer in all MEKC experiments. Data collection
and analysis were performed using 32 Karat software (Beck-
man Coulter).

To account for EOF drift and systematic variations of EOF
with buffer viscosity, we have included intensity versus elec-
trophoretic mobility plots, in addition to traditional time-do-
main plots. Migration time, t, of each species was converted
to apparent mobility, mapp, and then normalized with respect
to the apparent mobility of the neutral marker (“EOF mobil-
ity,” mEOF) to calculate the effective mobility, meff:

meff ¼ mapp � mEOF; mapp ¼
IL
tV

(2)

Here, l is the length to the detector, L is the total capillary
length and V is the applied voltage.

The suitability of Bodipy 493/503 for EOF determination
was confirmed by comparing the calculated effective mobili-
ties of DNA oligomers of several different lengths using this
dye with that of methanol and benzyl alcohol, two accepted
CE neutral markers. Effective oligomer mobilities were
identical, within error, for all three neutral markers. The
mobility of the neutral marker (“EOF mobility,” mEOF) varied
from 4.5–5.0610–4 cm2/Vs, depending on the micelle con-
centration used. A full tabulation of the EOF mobilities
observed in this work is given in the Supporting Informa-
tion.

2.7 MEKC model implementation

All MEKC datasets were fit according to the model pro-
posed by Grosser et al. [7]. In this treatment, the effective
mobility of the PNAA-tagged DNA in the presence of
micelles (meff ), is simply a weighted average of the intrinsic
mobility of the bound target, m0

hDNA, and mobility of a
bound target-micelle complex, m0

mDNA. This average mobil-
ity is controlled by both the partition coefficient K and the
micelle concentration [M]. The working form of the model
equation is:

meff ¼
m0

hDNA þ K M½ �m0
mDNA

1þ K þ Cviscð Þ M½ � þ KCvisc M½ �2
(3)

The superscript “0” indicates the mobility in micelle-free
buffer. K is defined as:

K ¼ ½mDNA�
½hDNA�½M� (4)

Here, “mDNA” represents micellated DNA, to include the
PNAA-tagged DNA and its attached TX-100 micelle. The
“hDNA” is the DNA with only its PNAA tag hybridized to it.
A true partitioning process would therefore have the con-
centration of mDNA increasing with [M]. The values of K
and m0

mDNA are calculated by non-linear regression from
plots of meff vs. [M]. This treatment also includes a correction,
Cvisc, for the change in buffer viscosity imparted by the high
micelle concentration used in the separations. The value of
this constant was measured using capillary viscometry inside
the P/ACE MDQ, and determined to be 0.53 6 0.02 mM–1.
Micelle concentration [M] was calculated by:

½M� ¼ ½S� � CMC
N

(5)

The CMC and aggregation number N were determined
using the solvochromatic fluorescent probe Nile Red as pre-
viously described [11]. The CMC and aggregation number
were found to be 0.33 mM and 128, respectively.
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3 Results

3.1 MEKC separation of long ssDNA targets

To test the effect of micelle attachment to both ends of an
ssDNA strand, we used two different PNAA tags (PNAA1
and PNAA2), which are complementary to the forward and
reverse PCR primers, respectively. As shown in Fig. 1,
PNAA1 binds to a 10-base-binding site at the 5’-end of the
forward primer, while PNAA2 binds to a 10-base-binding site
two bases removed from the 3’-end of the reverse primer. The
ssDNA strands of varying length were produced by sym-
metric PCR followed by streptavidin purification or asym-
metric PCR (aPCR) method using the same forward primer
(fp1) and a series of reverse primers (Brp0-7) located at var-
ious distances from the forward primer on a pSP64 plasmid
template (Table 1). The forward primer is linked to a 6-car-
boxyfluorescein moiety for LIF detection; hence only prod-
ucts (both ssDNA and dsDNA) incorporating the forward
primer will be observed in LIF. The reverse primers are
linked to a biotin moiety for purification purposes.

Prior to MEKC, a PCR product was incubated with either
the PNAA1, PNAA2 tag, or both, at 857C for 10 min to
ensure maximal hybridization of the tags. A typical MEKC
electropherogram for separation of a tagged, 142-base DNA
target in a running buffer containing 12 mM TX-100 is
depicted in Fig. 2. The same dataset is plotted as a function
of electrophoretic mobility in Supporting Fig. S1. In Fig. S1,
the time axis is converted to the apparent electrophoretic
mobility by subtracting the EOF. This negates run-to-run
variation in EOF velocity, determined by adding a neutral
marker (Bodipy 493/503). This particular product was gen-
erated using symmetric PCR followed by streptavidin purifi-
cation of ssDNA oligomers, and therefore does not contain
dsDNA. A population of the untagged 142-base target elutes
at an effective mobility (meff ) of 22.9610–4 cm2/Vs (3.2 min),
in good agreement with published values. [18] Upon incu-
bation of the DNA oligomers with either PNAA1 or PNAA2,
the magnitude of the free DNA peak is significantly reduced
in favor of a second population, centered at 22.3610–4 cm2/
Vs (2.1 min) and 22.2610–4 cm2/Vs (2.0 min), respectively.
When both probes are added, a majority peak appears at
21.7610–4 cm2/Vs (1.8 min), shifted away from each
remaining peak. These shifts result from the transient asso-
ciation of multiple TX-100 micelles with the alkane chain of
the PNAA tags during the MEKC run.

We believe that the free DNA population results from the
stripping of some PNAA tags from their DNA targets during
the initial phases of the run, where the tagged DNA may
traverse through sharp electric field gradients. The free DNA
population persisted even with the addition of excess PNA
tags; furthermore, colorimetric assays performed in our lab
indicated a 1:1 binding stoichiometry for the PNAA/DNA
pairs studied here. There is also the small, varied presence of
minor peaks throughout the electropherogram (second
curve,meff of 21.6610–4 cm2/Vs is 1.7 min, for example). They

Figure 2. Electropherogram for elution of a 142-base DNA target
and the same target bound with PNAA1, PNAA2, or both. The
large peak between 1 and 1.5 min represents the elution of a
neutral EOF marker (Bodipy 493/503). [TX-100] = 12 mM (corre-
sponding to a [micelle] of approximately 0.094 mM). [DNA] = 10–
100 nM (strand basis), [PNAA] = 1 mM. The top three electro-
pherograms have been arbitrarily shifted in the positive y direc-
tion for display purposes.

presumably represent non-specific products generated dur-
ing PCR and are minimized by raising the annealing tem-
perature, albeit at the expense of product generation. The
elution times for the putative “free DNA” varied between 2.9
and 3.3 min for the runs in Fig. 2. This is due entirely to EOF
drift, and each gives the same electrophoretic mobility when
EOF is accounted for (Supporting Fig. S1). The effects of
EOF drift are largest for components with the longest elution
times, hence the free DNA populations show the largest
variability in elution time.

To properly gauge the drag imparted by the attachment
of one or two micelles to tagged DNA, we must determine
the mobility of the tagged DNA when attached to a micelle
(“micellated DNA”, m0

mDNA). This quantity is not the observed
electrophoretic mobility, but rather a limiting case achieved
as the fraction of time the DNA spends attached to a micelle
approaches unity. That fraction (fmic) increases with the
concentration of micelles in the running buffer ([M]) [7]:

f Mic ¼
K½M�

1þ K½M� (6)

where K is the partition coefficient of the tagged DNA with
the TX-100 micelles in the running buffer: Fig. 3 is a series of
seven electropherograms with the TX-100 concentration in
the running buffer increasing from 0 to 24 mM. As expected,
the mobility of the tagged DNA shifts dramatically with [M].
There is also a small positive shift in the mobility of the
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Figure 3. The effect of [TX-100] on the migration of unbound and
PNAA-bound 142-base target DNA in MEKC. The large peak be-
tween 1 and 1.5 min represents the elution of a neutral EOF
marker (Bodipy 493/503). TX-100 concentrations used were 0, 1.2,
2.4, 4.8, 8, 12, and 24 mM. Increasing TX-100 concentrations are
displayed in ascending order, bottom to top. Electropherograms
have been arbitrarily shifted in the positive-y direction for display
purposes.

untagged DNA due to increasing running buffer viscosity.
The quantities K and m0

mDNA are obtained by a two-parameter
fit of mobility vs. [M] data to Eq. (3) (Fig. 4). The fit parame-
ters are listed in Table 2. There is a large disparity in partition
coefficient K between the PNAA1 and PNAA2 tag, which can
be traced to the orientation of the PNAA alkane. As shown in
Fig. 1, the tail of PNAA2 points away from the DNA interior,
2 bases from the chain end, while PNAA1 faces the DNA
interior, 10 bases from chain end. Presumably, the tail of
PNAA2 is more accessible for interaction with the micellar
phase. Values for the mobility of micellated DNA (m0

mDNA)
are comparable for both PNAA1 and PNAA2 tags. Using
these K and m0

mDNA values, the unique mobility trends of
PNAA1 and PNAA2-tagged ssDNA can readily be explained.
At low to moderate TX-100 concentrations, a higher K value
for PNAA1 relative to PNAA2 will result in a less negative
mobility (faster elution time), as this species experiences a
heightened micellar phase interaction. At higher TX-100
concentrations, differences in partitioning are mitigated as
samples migrate at or near their m0

mDNA values, which
are equivalent for PNAA1 and PNAA2-tagged ssDNA. As
expected, the doubly tagged DNA has a mobility much closer
to zero.

To obtain reliable values for the ELFSE drag parameter a
(Eq. 1), we repeated the above analysis for DNA target
lengths of 71, 96, 142, 224, 352, 455, 660, and 1012 bases.
Plots of mobility vs. [M] for the doubly tagged DNA, along
with fits to Eq. (3), are given in Fig. 5. Corresponding values
for m0

mDNA and K are given in Table 3 and an electro-
pherogram analogous to Fig. 2 for 455-base DNA targets is

Figure 4. Measured effective mobility (meff) comparison of free
and PNAA-tagged DNA 142 bases in length as a function of
micelle concentration [M]. Each data point represents an average
of a minimum of three independent experiments. Datasets were
fit using the MEKC model equation (Eq. 3), as previously descri-
bed. Fit parameters m0

mDNA and K are listed in Table 2.

Table 2. Calculated mobility of micellated DNA (m0
mDNA) and par-

tition coefficient (K) for PNAA-bound 142-base target, as
computed by fitting Eq. (3) to the data of Fig. 4

Tag m0
mDNA

(10–4 cm2/Vs)
K
(mM–1)

PNAA1 22.28 6 0.05 62 6 3
PNAA2 22.24 6 0.02 144 6 8
Both 21.69 6 0.03 84 6 4

Table 3. Calculated mobility m0
mDNA and partition coefficient K for

micellated DNA interacting with doubly tagged target
DNA (both PNAA1 and PNAA2 attached), as computed
by fitting Eq. (3) to the data of Fig. 5

DNA length
(bases)

m0
mDNA

(10–4 cm2/Vs)
K
(mM–1)

71 21.35 6 0.10 145 6 58
96 21.51 6 0.07 59 6 5

142 21.69 6 0.03 83 6 3
224 21.94 6 0.04 111 6 3
352 22.10 6 0.02 94 6 9
455 22.24 6 0.02 155 6 11
660 22.35 6 0.02 408 6 58

1012 22.65 6 0.02 240 6 105

given in Fig. S3 (Supporting Information). Importantly, we
find that targets up to 1012 bases in length have a mobility
that is significantly shifted from that of untagged DNA. In
principle, this makes possible the separation of mRNA con-
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Figure 5. Measured effective mobility (meff) comparison of doubly
tagged (PNAA1 1 PNAA2) target DNA as a function of micelle
concentration. DNA lengths tested were 71, 96, 142, 224, 352, 455,
660, and 1012 bases. Each data point represents an average of a
minimum of three independent experiments. Datasets were fit
using the MEKC model equation (Eq. 3), as previously described.
Fitted m0

mDNA values are given in Table 3.

taining a specific sequence from non-targets by a dual tag-
ging/MEKC approach. Variations in K among doubly tagged
DNA strands suggest changes in the DNA coil conformation
that promote or hinder tail-micelle interactions, depending
on tail orientation (Fig. 1).

3.2 ELFSE implementation

Nearly all the published ELFSE methods utilize some
uncharged, covalently attached drag-tag [3–6, 19]. We need to
account for two physical effects in order to fairly compare our
values of a to those using covalently attached drag-tags that
are uncharged (or nearly so). First, we must use the fitted
value of m0

mDNA to describe the electrophoretic mobility of the
micellated DNA. This quantity represents the mobility of the
tagged DNA in the micelle-containing running buffer as fmic

approaches unity. While this value can never reach unity,
values above 0.9 are easily obtained in practice. For example,
the data collected for 142-base oligomers tagged with PNAA1
in 24 mM TX-100 has K = 62.3 mM–1 and therefore fmic =
0.92. Under these conditions, the tagged DNA, interacting
with myriad TX-100 micelles during the elution in MEKC,
has a mobility similar to that expected if the micelle were
permanently attached.

Another consideration is that the PNAA/DNA duplex
formed at the PNA-binding site (Fig. 1) has a markedly dif-
ferent mobility than the longer stretch of unbound, ssDNA.
As such, Eq. (1) will not give a good fit to the mobility vs.

length data, particularly at short lengths where the lengths of
unbound, ssDNA and duplexed DNA are comparable. Good
fits are obtained by defining a drag-tag complex that includes
the TX-100 micelle as well as the PNAA/DNA duplex
(including any overhanging bases proximal to the micelle) as
shown in Fig. 6. Using this definition, the remainder of the
polyampholyte contains only ssDNA, and the a values calcu-
lated can be assigned an equivalent hydrodynamic radius
(Rh) using established models. We then recast Eq. (1) to
account for a drag-tag with a nonzero mobility (m0

tag):

m0
mDNA ¼ m0

L
Lþ a

þ m0
tag

a
Lþ a

(7)

Within this new definition, L is the length of ssDNA extending
from the PNAA/DNA duplex on the side distal to the micelle.
In the case of PNAA1, this will decrease L by 10 bases, and by
12 bases for PNAA2 (Fig. 1). The mobility of this newly
defined drag-tag is readily obtained by the above MEKC anal-
ysis, using short DNA oligomers that do not extend beyond
the PNAA-binding site (L = 0). In the case of PNAA1, the oli-
gomer is 10-bases long, and for PNAA2 it is 12-bases long. As
shown in Table 4, the values for both are similar, and signifi-
cantly negative (20.82 and 20.74610–4 cm2/Vs, respec-
tively). This is due to the charge on the duplexed DNA and the
glutamic acid residues (Fig. 1) on the PNAA, now considered
part of the drag-tag.

Figure 6. Assignment of drag-tag mobility in the micelle-PNAA-
DNA polyampholyte complex. In (A), we define the drag-tag to be
the TX-100 micelle alone, which we presume to be uncharged,
and Eq. (1) can be used to describe the polyampholyte mobility.
In (B), we define the drag-tag to be the micelle along with the
PNAA tag and the 10–12-base section of DNA bound to the PNAA
(including any overhanging bases proximal to the micelle). In this
case, the more general form of the ELFSE equation (Eq. 7) more
accurately describes the polyampholyte mobility, as the drag-tag
mobility is nonzero.
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Table 4. Effective friction coefficient (a) measured for PNAA1,
PNAA2, and simultaneous addition

Drag-tag m0
tag

10–4 cm2/Vs
Effective
friction
coefficient a
Eq. (1)

Effective
friction
coefficient a
Eq. (7)

PNAA1 20.82 6 0.05 54 6 9 75 6 13
PNAA2 20.74 6 0.06 58 6 9 77 6 12
PNAA1 1 PNAA2 20.78 6 0.08 142 6 9 193 6 20

Equation (1) considers the tag to be uncharged, and consists only
of the Triton X-100 micelle (Fig. 6A). Equation (7) considers the
tag to be charged, and consist of the micelle along with the
bound portion of the DNA (Fig. 6B). The m0

tag value for simulta-
neous addition case was estimated by averaging the individual
PNAA1, PNAA2 tag values. Error was estimated by standard error
propagation techniques.

For fitting purposes, Eq. (7) can be linearized as follows:

m0 � m0
mDNA

m0
mDNA � m0

tag
¼ a

1
L

� �
(8)

Plots of the left hand side of Eq. (8) versus 1/L should there-
fore be linear with slope equal to the ELFSE drag parameter
a. The results of fitting the MEKC experimental data to
Eq. (8) are displayed in Fig. 7 and appear to be linear except
for the shortest oligomers with PNAA1 and PNAA2 both
bound. The data for L = 1012-oligomers did not fall on the
linear fit, and this may be due to the formation of secondary
structure for these longer populations. We therefore did not
include the L = 1012 data in further analysis.

The fitted values of a are listed in Table 4, and compare
very favorably with those in the literature. To our knowledge,
the largest value of a that has been reported is a = 70,
observed using an end-attached, genetically engineered pro-
tein polymer [5]. Our MEKC results using either the PNAA1
tag or the PNAA2 tag are in the range of a = 54–58. The dual-
tagging result, a = 142, is greater than the sum of the singly
tagged results as has been reported for other systems [6].

4 Discussion

4.1 Hydrodynamic drag imparted by transiently

attached micelles

The lifetime of a TX-100 micelle, or slow dissociation mode,
has been measured to be between thousandths of a second to
3.5 s, with TX-100 monomer exchange, or fast dissociation
mode, occurring at even faster rates [13, 14, 20]. As such, we
expect that PNAA-tagged DNA interacts with an individual
TX-100 micelle for only a short time, approximately milli-
seconds to seconds. During that time, the TX-100 micelle
will be exchanging its monomers with those in solution. This
dynamic association allows the partitioning to proceed under
quasi-equilibrium conditions. It is possible, however, to

Figure 7. Plot of (mo2m0
mDNA /m0

mDNA2m0
tag)versus 1/L, measured

in DNA bases. m0
mDNA was estimated by fitting each dataset with

Eq. (3). Representative fits are featured in Figs. 4 and 5. m0
tag was

estimated by fitting as described in the text. The slope and inter-
cept of each line were used to determine the effective friction
coefficient a for each system, according to Eq. (8). Values are
listed in Table 4.

assign an average, equivalent hydrodynamic drag to tran-
siently attached micelles by converting the a values to their
hydrodynamic radius. Following the procedure of Desruis-
seaux et al. [21] we first calculate the hydrodynamic radius
(Rh) of a ssDNA bases under the solution conditions:

R2
h ffi

2
3

� �2 bap
3

1� 3
p

ba

� �
þ 6

p
ba

� �2
� 6

p
ba

� �3
1� e

�ba
p

� �� �
(9)

where p is the persistence length of the DNA in 50 mM Tris
HCl (3.3 nm [22]), and b is the contour length of ssDNA
(0.43 nm [22]). Equation (9) gives a value of Rh = 3.4 nm for a
= 75 (PNAA1) and Rh = 3.5 nm for a =77 (PNAA2). Dynamic
light scattering experiments performed in our lab using the
same buffer conditions yielded Rh = 3.87 6 0.05 nm, in rea-
sonable agreement with the value predicted by Eq. (9). We
conclude that the transiently attached micelles yield about
the same hydrodynamic drag as an isolated TX-100 micelle
in the same buffer.

Heller et al. [4] reported an a value of 25–30 for the
protein streptavidin and Won et al. [5] reported a = 70 for a
genetically engineered, protein polymer. Our values of 75–
77 are certainly competitive, but because our drag-tag car-
ries some negative charge it would not be expected to shift
the mobility of its attached DNA as much as an uncharged
equivalent used in previous studies. We can approximate a
value of a for a hypothetical uncharged drag-tag with the
same mobility shift by equating Eqs. (1) and (7) in the
limit of long L (valid for L .100, comparison plotted in
Fig. 8):
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Figure 8. Mobilities of micellated DNA (m0
mDNA) tagged with both

PNAA1 and PNAA2. Fits are to Eq. (1) (drag-tag definition A,
Fig. 6), Eq. (7) (drag-tag definition B, Fig. 6), and Eq. (12).

a1 ffi a2 1�
m0

tag

m0

 !
(10)

where a1 is the approximate ELFSE parameter calculated by
Eq. (1) (uncharged drag tag), and a2 is the exact ELFSE pa-
rameter for the negatively charged drag-tag complex. Using
Eq. (1), we find that this micelle-tagging system provides
about the same mobility shift as an uncharged, covalently
attached drag-tag having a = 54-58, which is still a large
value. It could be increased further by using larger, nonionic
micelles as drag-tags, or by using an uncharged linker for the
attachment of ssDNA to the micelle.

4.2 Non-additive effect of dual-micelle tagging

It has been demonstrated that covalent attachment of drag-
tags to either end of DNA oligomers provides a greater drag
than twice the drag imparted by each tag individually [6].
This “end effect” arises from difference in hydrodynamic
interactions among monomers in the chain, such that
monomers near the chain ends are subject to higher
hydrodynamic friction than those in the chain interior [23].
The net result is that the mobility of the polyampholyte is a
weighted average of the mobilities of each monomer unit,
with monomer units near chain ends receiving the highest
weight. Tagging on both ends not only adds a second tag, it
displaces charged DNA monomers to the interior of the
coil, reducing their weighting factor. A recent study [6],
using a wide range of drag-tags covalently attached to
ssDNA, concluded a 6–9% enhancement of the drag when
tagging both ends, compared to twice the value observed
when tagging one end.

We observe a similar effect in our system. Dual tagging
yielded a = 193, and the sum of the a from PNAA1 tagging
alone (a = 75) and that from PNAA2 tagging alone (a = 77) is
152. This represents a 21% enhancement, which is some-
what larger than results reported for the covalent tagging
approach. However, it does appear to be consistent with the
end-effect theory. Following the approach of Meagher et al.
[6], we approximate the weighting function C as follows:

C
n
N

� �
¼ �0:65þ 0:62

n
N

� ��1=4
þ 0:62 1� n

N

� ��1=4
(11)

where n is the monomer in question and N is the total
number of monomers in the polyampholyte. Next, we regard
the drag-tag to be a Gaussian chain with a monomers, each
giving the same drag contribution as an ssDNA monomer.
For accuracy, we choose to define the drag-tag to include the
PNAA tag plus its hybridized DNA (Scheme B, Fig. 6). As
such, we need to include the mobility of the negatively
charged drag tag (m0

tag = 20.78610–4 cm2/Vs). The mobility
of ssDNA with micelles attached to either end is given by:

m0
mDNA ¼

1
Lþ 2a

Za

0

2m0
tagC

n
Lþ 2a

� �
dnþ

ZaþL

a

m0C
n

Lþ 2a

� �
dn

2
4

3
5

(12)

Here, L represents the length of ssDNA between the drag-
tags defined in Fig. 6B, 22 bases shorter than pre-hybridized
length. Substituting the value a = 76 (obtained from ssDNA
tagged only with the average of PNAA1 and PNAA2,
Table 4), we obtain the solid line plotted in Fig. 8, which
agrees very well with the MEKC-obtained data. The result of
Eq. (12) actually appears to fit data for the longer oligomers
better than Eq. (7), which does not account for the end effect.
For comparison purposes, the end effect was not considered
in the determination of a, as is the common practice. How-
ever, the average value obtained for individual PNAA label-
ing (a = 76) provides a good fit of the dual-labeled data when
used with Eq. (12), which does consider the end effect.

There appears to be a systematic deviation from the the-
oretical curves for the shortest tagged oligomers. This may
be statistically insignificant as the error bars nearly overlap
with the curves. It may also be due to an increased likelihood
that a short, dual-tagged oligomer may bind a single TX-100
micelle, forming a looped structure with a more negative
mobility than expected, skewing the average mobility in the
negative direction. Dual-micelle tagging of synthetic oligo-
mers 20, 32, and 46 bases in length do not result in a second
shifted population (data not shown).

4.3 Applications of the method

The ssDNA, rather than RNA, was used in this study in order
to directly compare results with prior ELFSE reports using
covalent drag-tag modification. However, we believe this sys-
tem may be directly applied to RNA detection, quantification,
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and purification from biological samples. The use of CE for
RNA analysis as an alternative to reverse-transcriptase PCR
and microarray hybridization has been recently verified [24–
27]. Micellar drag-tag separation of RNA offers a number of
advantages, including extreme sequence specificity via
PNAA hybridization, size-based purification, short analysis
time, a sieving matrix-free separation environment, and
direct quantification of RNA via probe fluorescence. More-
over, with the RNA size known a priori, this method will be
capable of simultaneous RNA identification and quantifica-
tion. Detection of biologically derived RNA will be the subject
of a future study.

The method may also be applicable to DNA sequencing,
generally considered the most promising application of
ELFSE methods. In this application, Sanger extension prod-
ucts differing by only a single base in length must be dis-
criminated. Certainly, one can envision hybridization of the
PNAA tag to the forward primer sites on the extension prod-
ucts to give rise to interaction with micelles in MEKC. The
electropherograms presented here do not have a sufficient
resolution for separation of Sanger products, but this is most
likely due to our use of hydrodynamic injection, rather than
electrokinetic injection. The latter, which yields extremely
sharp sample bands by a sample stacking method, cannot be
implemented in bench-top CE instrumentation without EOF
suppression. Other instrumentation, including microfluidic
platforms, could be designed to address this shortcoming. Of
course, to be useful for ELFSE, these drag-tags must behave
as nearly monodisperse entities. Populations of TX-100
micelles are fairly monodisperse; dynamic light scattering
experiments performed in our lab using the same buffer
conditions yielded Rh = 3.87 6 0.05 nm for TX-100. Further-
more, as mentioned earlier, there is expected to be an
enhanced monodispersity brought about by sampling many
micelles during the elution in MEKC.

It is desirable to maintain EOF in order to reduce run
times for DNA sequencing. As noted by McCormick and
Slater [28], in ELFSE methods the longest DNA (i.e. the most
difficult to resolve), has the highest electrophoretic mobility.
As such, once those peaks are resolved and detected, the
remaining peaks are also resolved but cannot be detected
until they reach the end of the capillary. EOF flows can be
used to convect these “over-resolved” peaks past the detector
more quickly, resulting in shorter run times. An important
advantage of our system is that EOF is not disrupted by the
presence of TX-100 micelles. Triton X-100 does adsorb to
silica as hemi-micelles, but with no effect on silica’s surface
potential [29] or on the magnitude of EOF. It may also have a
beneficial passivating effect that protects the capillary from
nonspecific adsorption and concomitant EOF drift and/or
peak broadening. We have been able to obtain reliable results
from the same, bare capillary after thousands of consecutive
runs. Still, to be competitive with current sequencing meth-
ods, it will be necessary to transition to larger micelles to
realize substantially greater a values. Moderate gains in TX-
100 micelle size can be realized by increasing operating

temperature [30]. We are currently in the process of identify-
ing microemulsions [31, 32] and liposomes [33] that are
uncharged and compatible with the PNAA-MEKC method.

4.4 Conclusions

We have presented a new implementation of ELFSE that
hybridizes PNAA to specific sequences on target DNA to
encourage their binding to nonionic micelles of Triton X-100.
The micelles bind transiently to the PNAA tag, providing a
drag on the DNA oligomer roughly equivalent to the hydro-
dynamic drag of an isolated micelle. The tags are slightly
negatively charged and give an effective drag coefficient of a
= 75–77 for single tagging and a = 193 for double tagging.
These transiently bound drag-tags would give the same re-
solving power as an uncharged, covalently attached drag-tag
with a = 54–58 (a = 142 for double tagging). The latter
represents that highest value of a reported for ELFSE meth-
ods. The substantial friction imparted by micelle tagging
makes discrimination of oligomers up to 1012 bases in
length possible. The PNAA-MEKC method emerges as a
promising method for DNA sequencing and quantification
of RNA.
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