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Separation and quantification of viral double-stranded RNA fragments by
capillary electrophoresis in hydroxyethylcellulose polymer solutions
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Abstract

Capillary electrophoresis (CE) is an analytical technique widely utilized to resolve complex mixtures of nucleic acids. CE uses a variety of
polymers in solution that act as a molecular sieve to separate nucleic acid fragments according to size. It has been shown previously that purified
dsDNA can be resolved efficiently by solutions of hydroxyethylcellulose (HEC) polymer, providing a rapid and high resolution method of
separation. We have applied this separation technique to viral double-stranded (ds) RNA segments derived from rotavirus process samples.
HEC polymers of various molecular masses and concentrations were identified and compared for their ability to separate dsRNA based on
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he extent of expected polymer network formation. The HEC polymer exhibiting the most desirable separation characteristics wa
or subsequent optimization of various method parameters, such as, injection time, electric field strength, dye concentration an
quilibration. The optimized method was then applied to the quantification of genome concentration based on a representative se
otavirus genome. This study demonstrated that purified viral dsRNA material of known concentration could be used to generate
tandard curve relating concentration to peak area. This standard curve was used to determine the concentration of unknown
nterpolation. This novel RNA quantification assay is likely to be applicable to other types of virus, including those containing dsD
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. Introduction

Rotaviruses are dsRNA viruses classified as a genus within
he family Reoviridae. Structurally, they are characterized
s triple layered icosahedral particles consisting of an outer
VP7/VP4), intermediate (VP6) and an inner protein capsid
VP2), which contains the 11 genome segments ranging in
ize from 667 to 3302 base pairs (bp)[1]. Rotaviruses have
een identified as the major cause of severe gastroenteritis in
uman infants and young children[2]. For this reason a vac-
ine against rotavirus continues to be of major importance for
ublic health, especially in developing countries. Typically,
iral vaccines are produced by virus propagation in cell sub-
trates, followed by a series of filtration/purification steps to
enerate a virus suspension which will comprise the final vac-
ine. The development of a successful viral vaccine requires

∗ Corresponding author. Fax: +1 215 993 4884.
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monitoring of the virus concentration at each of the proc
ing steps to ensure acceptable step yields and consisten
cess performance. In most cases, this is achieved by m
ing the viral content by biological potency or physical m
assays. Potency measurements are typically based on
assays, tissue culture infectious doses that will infect
of the cells (TCID50) or quantitative polymerase chain re
tion (qPCR) methods and are inherently more variable
physical determination assays. In addition, potency as
are usually laborious, costly and have a low sample thro
put. Hence a quick, precise and accurate particle/gen
quantification assay is highly desirable, especially
ing the process development phase of a new cand
vaccine.

Over the course of the development of a rotavirus (
quantification assay, initial experiments have indicated
several rotavirus dsRNA genome fragments can be qu
fied using a simple slab-gel electrophoresis assay in the
ence of an intercalating dye, such as ethidium bromide
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fluorescent intensity of resolved bands was found to be
proportional to the amount of viral genome present. How-
ever, the assay was laborious, susceptible to loading in-
consistencies and inherently variable due to limited resolu-
tion and sensitivity. It was therefore deemed inappropriate
for the development of a reliable and precise quantification
assay. Nevertheless slab-gel electrophoresis clearly demon-
strated the potential of resolving and quantifying individ-
ual genomic segments as a measurement of total genomic
concentration.

The principle of slab-gel electrophoresis separation is
analogous to that used by capillary electrophoresis (CE).
Specifically, the CE method relies on a separation technique
in which charged molecules move through a narrow-bore
fused-silica capillary containing a sieving solution in the
presence of an electric field. Molecules associate with an
intercalating dye in solution and are detected during sepa-
ration through an aperature in the capillary. Compared to
slab-gel electrophoresis, CE technology represents a poten-
tially more precise and more sensitive analytical tool with
which to detect and measure viral genomes/particles. Over
the last decade many advances have been made in the sep-
aration of nucleic acids using CE in the DNA sequencing
field. CE can offer faster and more efficient separations than
slab-gel electrophoresis due to the use of higher electric fields
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network with large pores appropriate for separating larger
fragments of RNA/DNA. Small molecules will move through
such a network without much resistance and therefore will
not be effectively separated, whereas, larger fragments can
become entangled with polymers and must change their con-
formation in order to move through the dynamic pores in so-
lution, resulting in size-dependent separation. These two sep-
aration regimes have been described as Ogston type sieving
and reptation, respectively. Low-molecular-mass polymers,
on the other hand, have been shown to induce separation of
small molecules but only when used in high concentrations,
hence, optimal separation is usually achieved when the con-
tour length of the polymer is comparable to the contour length
of the nucleic acid[9].

Separation conditions that utilize an entangled mesh of
polymers to separate fragments are said to be operating un-
der semi-dilute solution conditions. However, it has also been
shown that nucleic acids can be separated in dilute and ultra-
dilute solutions[10]. These solutions refer to concentrations
below the entanglement threshold. Separation of this type
does not use Ogston or reptation type sieving because a
network has not been formed. Barron et al.[10] proposed
that separations of this type were due to transient entangle-
ments whereby polymers in solution interact with DNA frag-
ments transiently to create a drag force. Larger fragments
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hat can be applied to capillaries[3,4]. Separation of nucle
cid molecules is achieved by injecting samples into a co
apillary that has been precharged with a running buffer c
osed of polymers and a background electrolyte. The p
ers act as a molecular sieve in solution to separate nu
cid fragments based on size. This mechanism of separa
elated to classical Ogston sieving described for agarose
el electrophoresis[5]. Sample detection is accomplished

he use of an intercalating dye (YOPRO-1) and laser-ind
uorescence (LIF). The limit of detection for nucleic ac
as been reported to be as low as 10−12 M with the use o
IF detection[6]. Thus, based on the improved control o
arameters affecting separation and detection, CE sepa
f nucleic acid fragments is faster, more precise, and p

ially more efficient and reproducible than traditional slab
ethods[7].
To develop a CE method, the sieving properties of

tationary phase need to be optimized to afford effic
eparation. When using uncross-linked polymers, the fo
ion and geometry of the network is dependent on the
ent of interaction between individual polymers, and he
s a function of their size distribution, molecular mass
oncentration. The point where polymers begin to in
ct and form a network in solution is referred to as
ntanglement threshold[3]. The entanglement threshold
ependent on the molecular mass, hydrophilicity and p
ispersity and can be determined experimentally[8]. Large
olymers are able to interact with one another at lower
entrations and therefore have entanglement thresho
ower concentrations compared to small polymers. An
anglement of high-molecular-mass polymers will crea
ncounter more polymers and therefore migrate more s
han smaller fragments. Due to the wide range of fragm
izes in the RV genome ( 650–3300 bp) the optimal s
ation technique or polymer size may not be the sam
ll segments. A screen of various polymer sizes and
entrations is therefore likely to be necessary in orde
dentify separation conditions for all segments of the
enome.

This study focused on developing a CE method for
rating and quantifying RV genome segments from sam
f various process intermediates to guide developmen

orts. This investigation specifically examined HEC po
ers due to their persistence length and extended co
ation in solution when compared to other polymers, s
s, polyethylene oxide or linear polyacrylamide. HEC p
ers were screened to determine the optimal polymer
nd concentration resulting in a robust and reproducible
ent resolution. While most of the HEC polymers separ
V fragments to some extent, results of this study show
ne specific HEC polymer (HEC250) provided better con
ver the separation and peak resolution for the RV dsR
enome. The polymer screen was followed by an optim

ion of various parameters impacting the separation, suc
njection time, electric field strength, dye concentration
apillary equilibration. The study indicates that these pa
ters are directly related to the efficiency and resolution o
V fragments. By manipulating these conditions, the opt

esolution and separation efficiency was achieved for th
enome. The optimized method was then used to quan
enomic segments through the use of an external stand
nown concentration.
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2. Experimental

2.1. Instrumentation

All CE experiments were carried out using a P/ACE
MDQ Molecular Characterization System (Beckman-
Coulter, Fullerton, CA, USA) coupled to a LIF detector
(Beckman). The capillaries employed were coated with
polyacrylamide (Beckman) measuring 50 cm total in length
(40 cm effective length) and had an internal diameter of
100�m. To separate the negatively charged dsRNA frag-
ments samples were run in reverse polarity and injected at
the cathode using hydrodynamic injection at 0.5 psi (1 psi =
6894.76 Pa). All separations were performed at 25◦C and
samples were stored at 25◦C between separations. Raw data
were analyzed using the integration system of the 24 Karat
software (Beckman) and then exported to Microsoft excel for
further data analysis. Excitation and emission wavelengths
were 488 and 508 nm, respectively.

2.2. Buffers and polymers

The following hydroxyethylcellulose (HEC) polymers
were used in this study: number-average molecular mass
(Mn) ≈ 90 000–105 000 andMn ≈ 140 000–160 000 (Poly-
s ular
m ),
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at 70◦C for 15 min to inactivate the DNase, denature the pro-
tein capsid and release the 11-segment viral genome. A mass
standard ladder (Bio-Rad) was used as a control in experi-
mental testing of polymers. All DNA and RNA samples were
diluted in molecular grade biology water within a range of
1–45 ng/�L.

2.5. Standard curve preparation

Rotavirus containing process material was purified by
cesium chloride gradient method[11]. Samples were cen-
trifuged with a 25% sucrose cushion in a Beckman Coul-
ter Optima XL-100 K Ultracentrifuge using SW28 rotors at
4◦C and 122 000× g centrifugal force. The supernatant
was discarded, pellets were resuspended in TNC buffer
[10 mM Tris, pH 7.4 (Life Technologies, Rockville, MD,
USA), 14 mM NaCl, 10 mM CaCl2 (Sigma–Aldrich)]. Ce-
sium chloride (Sigma–Aldrich) was added at a concentra-
tion of 50% (w/v) and the solution was mixed. This so-
lution was centrifuged, using ultra-clear centrifuge tubes,
in SW60Ti rotors for 20 h at 4◦C and 156 000× g cen-
trifugal force. Tubes were carefully removed from the ul-
tracentrifuge rotors so as not to disturb the viral particle
layers. Tubes were punctured in the bottom and fractions
of decreased density were collected by gravity flow in ster-
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ciences, Warrington, PA, USA), weight-average molec
ass (Mw)≈250 000 (Sigma–Aldrich, St. Louis, MO, USA
v ≈ 300 000,Mv ≈ 720 000, andMv ≈1 000 000 (donate
y Aqualon, Wilmington, DE, USA). From this point fo
ard the polymers will be referred to as HEC105, HEC1
EC250, HEC300, HEC720 and HEC1000, respectively
olymers were dissolved in a 1× TBE buffer (89 mM Tris, pH
.3, 89 mM boric acid, and 2 mM EDTA) (Bio-Rad, Hercul
A, USA) at specific percent w/v concentrations. Polym
uffer solutions were mixed on a stir plate for 24 h, filte
hrough a 0.45�m cellulose acetate disposable filter (Co
ng, Corning, NY, USA), and sonicated for 10 min. Just p
o CE analysis YOPRO-1 dye (Molecular Probes, Eug
R, USA) was added to the polymer–buffer solution at

ous concentration.

.3. Viscosity measurements

Several concentrations of the HEC250 polymer were
lyzed for their viscosity. All measurements were obta
t 25◦C using a Rheometric Scientific ARES LS instrum
hich measured steady shear viscosity at shear rates

ng from 50 to 500 s−1. Measurements were used to gene
double log plot of polymer concentration versus visco

o determine the entanglement threshold for the polym
nterest.

.4. Sample preparation

Samples were treated with RNase-free, DNase I (Ro
ndianapolis, IN) to digest cellular DNA and then heat-trea
-

le microtubes. Double and triple layer particles (DLPs
LPs, respectively) from the rotavirus samples were

ected separately. This is achieved on the basis of the
erence in density, 1.36 g/cm3 for TLPs and 1.38 g/cm3 for
LPs [12]. Viral particles were resuspended in TNC a
dded to SW28 ultra-clear ultracentrifuge tubes with 2
ucrose to act as a cushion. They were sedimented fo
roximately 2 h at 4◦C and 122 000× g centrifugal force
he pellets were resuspended in TNC and were stor
◦C. To measure the viral genome concentration, the
omic dsRNA was extracted by phenol:chloroform ext

ion. Briefly, virus was digested using proteinase K (Invi
en Life Technologies, Grand Island, NY, USA) in a solu
f 10% sodium dodecyl sulfate (SDS), 0.5 M EDTA, a
0 mM Tris (pH 7.4) and then extracted in a 25:24:1 (w
ixture of phenol chloroform and isoamyl alcohol (Invit
en Life Technologies). The aqueous phase was precip
ith ethanol (100%) (AAPER, Shelbyville, KY, USA) in th
resence of 3 M sodium acetate, pH 5.2 (Sigma–Aldr
nd the genomic material was resuspended in Tris–E
TE), pH 8.0, and its concentration measured by absorb
t 260 nm. The number of copies of genomes was c

ated by using the spectrophotometric conversion for
NA (50�g/mL) and the total number of bases in rotav
enomes.

.6. Data analysis

All sample data were analyzed by comparing peak s
ng (X), peak width at half height (wh), limit of bp resolution
S) and overall resolution (R). Peak spacing was calcula
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by taking the difference between two peak velocities and
multiplying by the total separation time of the experiment
(∆X = ∆vt), where∆v is the relative velocity difference
and t the total separation time of the experiment[13]. The
limit of bp separation measures the minimum number of base
pairs that can be resolved between any two given peaks. To
determine this value, a separation factor was calculated for
several resolved fragments to compare the limit of bp sep-
aration [S = 1/2(w1 + w2)/(∆tm/∆MW), where∆MW is
the difference in size in bp][13,14]. Resolution is a measure-
ment of the ratio between peak width and peak separation
[R = 2(t2 − t1)/(wh2 + wh1), wheret is the migration time
andwh the peak width at half height]. When the resolution
between two peaks is greater than 1, the peaks are considered
to be fully resolved, withR = 0.5 being the limit of resolu-
tion between two adjacent peaks. Values were converted from
temporal data to spatial data by multiplying by the velocity
of the peak in question. Mobility (µ) values were calculated
by dividing the velocity (cm/min) of a given molecule by the
electric field strength (V/cm), [µ = (LD/Mt)/(V/LT)], where
LD is the distance from injection to detector (cm),Mt the
migration time (min),V the voltage (V), andLT the total
capillary length (cm)[15].
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contour length of the RV dsRNA fragments. It has been
shown that larger polymers are better suited to entangle
with and separate larger fragments while low-molecular-
mass polymers can separate smaller fragments when used
at a high concentration[9]. HEC-buffer concentrations tar-
geted for evaluation were determined for each size of HEC
polymer based on entanglement thresholds previously de-
termined by Barron et al[9]. The entanglement threshold
for the HEC250 polymer has not been previously reported
in the literature and was determined experimentally from
viscosity measurements at various concentrations. In the
case of the HEC300 polymer for which the entanglement
threshold was also unknown from literature review, dilu-
tions were carried out at a wider range in an attempt to
encompass the threshold concentration. In this case the en-
tanglement threshold was not experimentally determined be-
cause initial results suggested this polymer to be subopti-
mal.

The various HEC polymers were assessed at different con-
centrations for their ability to resolve the 11 segments of the
RV genome. Most polymer solutions consistently resolved
8 of the 11 RV genome segments and in some cases could
resolve 9–10 segments as the polymer concentration was in-
creased. The resolving power of the sieving polymers was
compared on the basis of peak width and spacing, limit of bp
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. Results and discussion

.1. Effect of HEC polymer size on RV fragment
eparation

In order to resolve the RV dsRNA fragments several ty
nd sizes of polymers were evaluated. Some of the poly
ommonly used in CE include linear polyacrylamide (LP
olyethyl oxide (PEO), and HEC. The physical propertie

hese polymers have a significant impact on their ability t
olve nucleic acid fragments. PEO and LPA are both flex
olymers in solution and as such do not form the strong

anglements necessary to efficiently separate large frag
nless prepared at very high concentrations[3,16,17]. High
olymer concentrations create highly viscous solutions
re more difficult to load into small diameter capillaries
re unable to resolve larger sized fragments due to small

n the network. The stiff and extended conformation ex
ted by HEC polymers in solution is believed to be impor
hen separating larger fragments (>600 bp[8]). The ability
f HEC polymers to provide better resolution of fragme
reater than 600 bp was an important factor when cons

ng polymers to separate the RV fragments which fall in
ange of 667–3302 bp.

Prior to the use of HEC polymers, experiments were
ied out using LPA and PEO. LPA and PEO were un
o separate the RV fragments with the same degree o
lution as the HEC polymers (data not shown) and
rmed findings of published literature reports[8,16,18,19].
he sizes of the HEC polymers tested in this study w
hosen based on their contour length in relation to
eparation, and overall resolution (Fig. 1). Results indicate
hat peak width was marginally affected by polymer siz
olymer concentration. Peak spacing measurements sh

hat smaller fragments are most sensitive to a change in
er concentration; however, the only polymer that produ
ny significant change in peak spacing was the HEC250
er (Fig. 1A). HEC250 exhibited a significant increase
eak separation as the polymer concentration was incre
oncomitantly, the limit of bp separation showed a ste
ecreasing trend with increasing polymer concentration
icating that fragment separation was more efficient a
igher concentrations (Fig. 1B). Overall resolution exhib

ted an increasing trend with the increasing HEC250
entration up to 1.3% after which point it slightly decrea
Fig. 1C). It is noteworthy that the other HEC polymers
ot show a steep increase in resolution as a function of
entration (Fig. 1C). This HEC polymer screen indicated t
he HEC250 polymer has the most potential to impac
eparation of the RV fragments and that it yields the h
st resolution of separation at a concentration of 1.3% (
ualitative analysis of representative electropherogram
icated that this concentration yielded the most optima
onsistent separation conditions for the RV dsRNA fragm
Fig. 2). It is noteworthy that peak 5 consistently resol
ith high separation from other peaks over several poly
oncentrations. HEC720 and HEC1000 polymers were
ursued in the polymer screen due to poor resolution
as based on the visual inspection of the electropherog

data not shown). Based on these results all further e
ments were conducted using the HEC250 polymer a
.3% (w/v) concentration.
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Fig. 1. Results of the HEC polymer screen on separation of RV genomic
fragments. (A) Peak spacing, (B) limit of bp separation, and (C) resolution
dependence on polymer molecular mass and concentration. Fragment sizes
shown are (�) 667 bp, (©) 751 bp, (�) 1356 bp, (�) 1581 bp, (�) 2362 bp.

Fig. 2. Visual appearance of the electropherograms for HEC250 polymers
and dependence on concentration.

3.2. Determination of the entanglement threshold and
implications on dsRNA migration mechanism

In order to experimentally determine the entanglement
threshold of the HEC250, its viscosity at various concen-
trations was determined using shear rates ranging from 50
to 500 s−1. Polymer solutions behave as Newtonian fluids at
low concentrations and low shear rates while non-Newtonian,
shear-thinning behavior is seen at higher polymer concen-
trations with increased shear rates. As the polymer concen-
tration increases a network begins to form between poly-
mers; when the shear force is increased the polymer network
breaks and viscosity is reduced[20]. By plotting the loga-
rithm of specific viscosity (ηsp) against logarithm of HEC
polymer concentration (%, w/v) the entanglement threshold
for HEC250 can be determined. A deviation in linearity de-
notes the point where polymers begin to form a network in so-
lution and is indicative of the entanglement threshold (Fig. 3)
[8]. These results demonstrated that the threshold concen-
tration of the HEC250 polymer is approximately 1.0%, and
hence very close to the experimentally determined optimal
HEC250 polymer concentration of 1.3% chosen for detailed
analysis.

The entanglement threshold is the point where pores are
formed in the mesh of polymers in solution which enables
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Fig. 3. Determination of entanglement threshold of HEC250 polymers.
Log–log plot of viscosity and polymer concentration allows the determi-
nation of the entanglement threshold at the point of deviation in linearity
(arrow).

separation of fragments to take place via a sieving mecha-
nism. In the case of smaller fragments separation follows an
Ogston type sieving regime where fragments migrate through
pores in random coil formation. The pore sizes are large
enough that RV fragments can pass through them without
altering their shape. The reptation migrating regime causes
larger fragments to orient themselves and migrate in an ex-
tended, rod-like form through dynamic pores in the network.
The difference in migration regimes can be visualized by a
plot of log mobility verses the fragment size in base pairs
(Fig. 4). The RV fragments are compared to a wide range of
DNA fragments to clearly identify sieving regimes. The steep
negative slope refers to Ogston sieving and the deviation from
linearity represents the change to the reptation regime. These
results suggest that the smaller RV fragments (667–751 bp)
migrate as random coils and that larger fragments (>2500 bp)

F log
o gimes
e to an
e anism
a

follow the reptation model. Fragments >1000 and <2500 mi-
grate in the transition region and hence are separated by a
combination of these two mechanisms.

3.3. Effect of polymer concentration (viscosity) on signal

The cost of the improved resolution at 1.3% HEC250 was
the loss of signal as the polymer concentration was found
to be inversely proportional to the measured peak area for
a representative peak (Fig. 2, peak 5). This effect was hy-
pothesized to be a direct result of increased specific viscosity
due to higher polymer concentrations in the buffer while the
injection pressure and time remained constant. A calculation
of injection volume (Vi = �PD4π/128ηL, where�P is the
pressure drop,D the capillary internal diameter,η the specific
viscosity andL the total length of capillary[6]) revealed that
there was a decrease in hydrodynamic capillary loading due
to increased viscosity (Fig. 5A). To compensate the injection
time was increased by 2 s intervals until further improvements
in the resolution were no longer observed. With the excep-
tion of 751 bp fragment, peak width remains constant with
respect to injection time, until an 11 s injection after which
peak broadening occurs (Fig. 5B). These plots show that the
signal can be increased by increasing the injection time up to
11 s, although beyond this the increased injection time was
f ased
s
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ig. 4. Mobility behavior of RV dsRNA genome fragments. Plot of the
f mobility against the fragment size in bp shows the separation re
xisting at 1.3% (w/v) polymer solution. RV fragments are compared
xtended range of dsDNA fragments to indicate the separation mech
t work.
ound to be detrimental to the resolution because of incre
ample diffusion.

.4. Effect of electric field strength during separation

Having optimized the separation buffer, the next step
o evaluate and optimize the operating parameters using
EC250 polymer and an 11 s injection time. Electric fi
trength, dye concentration and capillary rinsing were
mined to find the most optimal conditions for separa
f the RV genome. Intense electric fields can be empl

n capillary electrophoresis due to the efficient disper
f heat through small diameter capillaries across the
urface area of the outer wall. Capillaries are generall
r water cooled to effectively remove heat. Higher elec
eld strengths have the advantage of decreasing diffusi
ragments due to shorter separation times. However, ab
ertain voltage, heat will not be dissipated as efficiently
ulting in peak broadening. The dispersion of heat is linke
he capillary diameter, buffer concentration and the volt
o determine the heat dispersion performance of a sy
he voltage can be plotted versus the current to crea
hm’s law plot[6]. The point where the measured curve

iates from linearity indicates the voltage above which
s no longer efficiently dissipated. The current was meas
t varying voltage points to generate an Ohm’s law plo

he 1.3% HEC250 polymer-buffer (Fig. 6A). The plot indi-
ated a slight deviation from linearity after 16 kV (320 V/c
herefore, experiments were performed to evaluate ele
elds ranging from 200 to 320 V/cm. A slight decreas
eak width was observed with increasing applied vol
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Fig. 5. Effect of polymer concentration on signal intensity. (A) A decrease in peak area is shown to correlate to the increase in viscosity for higher polymer
concentrations. Injected volume was calculated using 5 s injections, 0.5 psi injection pressure, 100�m i.d. capillary, 50 cm total capillary length and measured
viscosities for each concentration of HEC250 polymer solution. (B) Peak broadening is a result of diffusion caused by the increased injection time. Diffusion
is shown to have a marked increase beyond 11 s injections.

from 220 to 260 V/cm after which point most peaks began to
broaden slightly (Fig. 6B). Peak spacing steadily decreased
with a higher electric field as expected, but electric fields as
high as 280 V/cm do not compromise resolution significantly
(Fig. 6B). The optimal electric field was determined to exist
over a range from 200 to 260 V/cm. However, if a shorter
turn-around-time (TOT) is desired, samples can be run at
280 V/cm without significant loss in resolution while saving
33% in analysis time.
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3.5. YOPRO-1 dye concentration optimization

The YOPRO-1 intercalating dye was chosen over other
dye candidates due to appropriate spectral matching with the
P/ACE MDQ instrument, high binding affinity for double-
stranded nucleic acids, and low quantum yield of fluores-
cence in the unbound state[21]. The dye was added to the
separation buffer just prior to charging the capillary for on-
capillary intercalation. During electrophoresis the positively
ig. 6. Effect of electric field on RV dsRNA. (A) Plot of current as a
issipates the heat generated in the capillary, resulting in a drop of re
.3% HEC250 buffer solution. (B) Plot of peak width for several RV fra
f the fragments above 280 V/cm. Overall resolution is highest at 200
eak separation. In contrast, peak broadening is not observed below
�) 2362 bp, (�) 2591 bp, (♦) 2690 bp.
n of the applied voltage shows linearity until the system no longer ey
. The Ohm’s law plot indicates that 320 V/cm is the upper operationalimit for a
as a function of voltage indicates that generated heat causes increaffusion
s the electric field is increased, the resolution decreases due in parte loss in

cm. Fragment sizes shown are (�) 667 bp, (©) 751 bp, (�) 1356 bp, (�) 1581 bp
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charged dye molecules will migrate toward the cathode while
the dsRNA fragments migrate toward the anode. As YOPRO-
1 migrates it will bind to the dsRNA by intercalation at a con-
stant dye/bp ratio. This results in a partial unwinding of the
helix and a stiffening of the RNA molecule. The binding of
positively charged dye molecules causes an overall decrease
in the negative charge of the RNA and results in an increase
in migration time. These alterations can change the way the
fragments migrate and generally tend to improve resolution
by stabilizing the double stranded fragments[22].

Several concentrations of YOPRO-1 were tested in an at-
tempt to optimize the dye:bp ratio for the RV genome. Peak
area and migration time were both found to increase with an
increase in dye concentration and then progressively plateau
(Fig. 7A). However, peak width began to increase beyond
500 nM and overall resolution was shown to decrease con-
currently (Fig. 7B), suggesting an increase in diffusion. As
such, a dye concentration of 500 nM was determined to be
the optimal concentration for use with the 1.3% HEC250
polymer for optimal RV separation.

There may be a point at which too much dye in the buffer
causes other dye binding interactions to take place, such as,
electrostatic or groove binding[23,24]. These interactions
can cause an uneven distribution of dye among fragments
of the same molecular mass and result in peak broadening.
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t uns.
V uch

F peak a ncentrati
o 356 bp

as, water, buffer and methanol rinses. The results indicated
that water rinsing alone was not sufficient to remove the dye
from the capillary. Methanol rinsing achieved the greatest
decrease in dye contamination when compared to water or
buffer rinses and has been reported as an effective rinsing
method by others[21]. Methanol rinsing has also been shown
to be an effective capillary conditioning procedure to reduce
wall effects, which can cause peak tailing and loss of reso-
lution [25,26]. It was determined that a daily capillary rinse
with methanol followed by dye-free buffer combined with
inter-sample run rinses of methanol and dye-buffer could re-
duce the amount of excess dye in the capillary as well as
increase run to run reproducibility and extend the life of the
capillary.

3.7. Quantitation of RV samples

An external standard curve was prepared from purified
RV material for which the dsRNA concentration had been
quantified by spectrophotometry. From the previous method
development optimizations it was determined that peak 5 con-
sistently resolved as a single peak regardless of polymer con-
centration or parameter optimizations and is therefore likely
the most robust peak to use for quantification purposes. This
material was prepared in six concentrations and then resolved
u Peak
a erated
b ation
( erpo-
l own).
T
g limi-
n s can
b esult
i

ower amounts of dye added to the separation buffer c
aseline instability and may result in premature buffer de

ion of dye molecules.

.6. Methanol rinsing and conditioning of the capillary

During experiments with dye-free buffer, it was de
ined that the capillary became contaminated with

ercalation dye after multiple dye-containing sample r
arious capillary rinsing methods were investigated, s

ig. 7. YOPRO-1 dye concentration optimization. Dependence of (A)
f YOPRO-1 dye. Fragment sizes shown are (�) 667 bp, (©) 751 bp, (�) 1
rea, migration time and (B) peak width and average resolution on coon
, (�) 1581 bp, (�) 2362 bp, (�) 2591 bp, (♦) 2690 bp.

sing the same buffer as RV samples to be quantified.
reas were measured and a standard curve was gen
y plotting peak area against known genome concentr
Fig. 8). Measured sample peak areas were used to int
ate genome titers from the standard curve (data not sh
he reproducibility of the area of peak 5 wheren = 7 runs
ave a relative standard deviation (R.S.D.) of 13%. Pre
ary results have shown that DNase-treated RV sample
e quantified without lengthy pre-treatments that can r

n loss of genome.
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Fig. 8. A six-point standard curve constructed from the peak area (peak 5)
of purified dsRNA RV genome material of known concentration.

4. Conclusions

This study has demonstrated that the dsRNA of rotavirus
samples can be analyzed and quantified using capillary gel
electrophoresis in the presence of HEC polymers with mini-
mal sample preparation. Based on a comprehensive literature
search, this appears to be the first report of the development
of a successful capillary gel electrophoresis-based separation
technique for double stranded nucleic acid without signifi-
cant sample purification which holds promise for quantitative
measurement.

The HEC polymers were chosen over other alternatives
based on their persistence length, extended conformation and
extensive use in the separation of nucleic acids. The most op-
timal sized polymer was found to be HEC250, as it offered
the greatest control over the resolution of the RV dsRNA frag-
ments when compared with other HEC polymers. Classical
method parameters such as the concentration of polymers,
the injection time, the electric field strength and the concen-
tration of intercalating dye have subsequently been optimized
with the 1.3% HEC250 polymer solution identified as optimal
in this study, and have resulted in a separation method that
successfully resolves 10 out of the 11 RV genomic dsRNA
fragments reproducibly.

During the development of this method, the entanglement
t and
f cen-
t his
fi gle-
m ration
o retic
b sep-
a tion,
s timal
c ssed
b

-
s ated

with dye and have implemented a comparable methanol rins-
ing strategy in order to obtain sample to sample reproducibil-
ity and avoid dye carry-over.

This separation procedure was applied to RV samples us-
ing an external standard curve which showed good linearity
down to the picomolar range and holds promise as a fast
and efficient quantification method for RV genomes in non-
purified samples. This CE method offers a rapid and con-
venient means to qualitatively and quantitatively detect RV
genomes in complex samples. The fact that no lengthy sam-
ple preparation is required and that the method is amenable
to automation is a clear advantage over other mass assays in-
volving quantitative PCR, HPLC or spectrophotometric pro-
cedures.
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