4

12

13
14

15
16
17
18
19

20

21
22

23
24
25
26
27
28
29
30
31

32
33

34

35
36
37
38
39
40
41
42

~

ARTICLE IN PRESS

JOURNAL OF
CHROMATOGRAPHY B

LB

LSEVIE Journal of Chromatography E00 (2002) 000-000

www.elsevier.com/locate/chromb

Electrophoresis using ultra-high voltages

Maribel Vazque2* , Gareth McKinléy , Luba Mitnfk , Samantha Desmérais ,
Paul Matsudaira , Daniel Ehrli¢h

“New York Center for Biomedical Engineering, Department of Mechanical Engineering, The City College of the City University of New
York, 14@h and Convent Ave. T-250, New York, NY 10031,USA
"Department of Mechanical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Ave., 3250, Cambridge, MA 02139,
USA
“Whitehead Institute for Biomedical Research, 9 Cambridge Center, WI-339, Cambridge, MA 02142,USA

Received 25 February 2002; received in revised form 13 May 2002; accepted 15 May 2002

Abstract

Optimization of electrophoretic techniques is becoming an increasingly important area of research as microdevices are
now routinely adapted for numerous biology and engineering applications. The present work seeks to optimize
electrophoresis within microdevices by utilizing ultra-high voltages to increase sample concentration prior to separation. By
imaging fluorescently-tagged DNA samples, the effects of both conventional and atypical voltage protocols on DNA
migration and separation are readily observed. Experiments illustrate that short periods of high voltage during electrophoretic
injection do not destroy the quality of DNA separations, and in fact can enhance sample concentration five-fold. This study
presents data that illustrate increases in average resolution, and resolution of longer fragments, obtained from electrophoretic
injections utilizing voltages between 85 and 850 V/cm.

0 2002 Published by Elsevier Science BV.
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1. Introduction in electrophoretic applications because they dissipate 43
heat effectively, enabling separation voltages of up 44

The many adaptations of microdevices for numer- to 30 kV to produce rapid, efficient separations. 46
ous biology and engineering applications have made addition, microdevices provide a unique opportuaty
optimization of electrophoretic techniques a high for direct visualization, which facilitates our undewr?
priority. Electrophoretic separations of biomolecules standing of the dynamics underlying the electres
are now routinely performed within microdevices phoretic process [4,5]. The present work seeks 40
due largely to the parallel analysis [1] and process optimize electrophoresis within microdevices by es-
integration [2] facilitated by microfabrication [1-3]. examining the protocols used during conventional1
Microfabricated channels are particularly successful separations. Specifically, this work focuses on sam-

ple stacking (or sample concentration effects) present 53
during electrophoretic injection. Here, we utilize 54
650-6727. ultra-high voltages to increase sample stacking (sam- 55

E-mail address: vazquez@ccny.cuny.ediM. Vazquez). ple concentration) prior to separation. The physical 56
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effects of conventional and atypical voltage protocols
during electrophoretic injection are readily observed
using fluorescently-tagged molecules. These results
are then correlated with electropherograms to
produce practical, experimental data that illustrate
the benefits of increased stacking to DNA sepa-
rations.

1.1. Microdevice operation

Microdevices used for DNA separations are com-
prised of four different reservoirs (cathode, anode,
sample and waste), and three distinct channel sec-
tions (separation channel, cross-injector and channel
tail) [1] as seen in Fig. 1. Conventional separations
are performed using four consecutive steps: pre-
electrophoresis, sample loading, electrophoretic in-
jection and separation. During pre-electrophoresis, a
large potential gradient of several hundred volts per
centimeter),, is first imposed between the cathode
and anode ports of the device, and later the sample
and waste reservoirs. The protocol is used to evenly
distribute the ions of the buffer solution within all of
the channels of the microdevice in order to facilitate
subsequent loading of DNA [6]. Afterwards, a
different loading potential gradieny is applied
along the sample and waste reservoirs of the cross-
injector in order to draw DNA molecules into the

Sample

Channel
Cross
Injector

microdevice. This process is called sample loadasg
and is used to create a uniformly distributed DNoA
sample within the cross-injector offset. Lastlygia
separate potential gradient, typically called the mm
voltage,is imposed between the cathode and 93
anode ports of the device in order to attract DNA

towards the positively charged cathode. As a result,95
the run voltage initiates electrophoretic injection of 96
DNA molecules into the channel, as well as their 97
subsequent separation. 98

During the early stages of injection, DNA molesg
cules migrate rapidly within the sample of the crogse
injector, but experience an abrupt drop in velocity
upon reaching the lower field within the high-canz
ductivity electrolyte buffer [7,8]. The subsequerds
decrease in velocity creates a thin and concentrated
zone of DNA molecules at the interface between the
sample and separation buffer, called the stacked peig
[9] or stacked sample [10]. This “stacking” mechae7
nism [8,11,12] is a unique, physical process caused
by a difference in potential gradient between 1be
sample and the buffer solution. Sample stacking
increases the sample concentration throughout elea
trophoretic injection and has generated high-resaluz
tion data in numerous subsequent electropherograms
[5,13]. 114
A higher sample concentration is desirable 1s-
cause of the initial condition it creates. In a theorett16

Terminating

/ Boundary

Cathode

Frontal
Boundary

Waste

w Separation Channel ol

Anode

Fig. 1. A schematic of a conventional microdevice illustrates an 11-cm-long separation channel, a “double-T” cross-injector configuration,
and channel tail section. The sample channel is depicted on the upper left-hand side of the image while the waste channel is shown on the
lower right-hand side. Cathode and anode reservoirs are denoted by “C” and “A”, respectively, as are the sample, “S”, and waste, “W",
reservoirs. The frontal and terminating boundaries of the DNA sample are also identified.
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ical case of maximum stacking, the DNA sample
could be one molecule wide due to extreme sample
concentration. In this case, molecules of all sizes
enter the separation channel with the same initial
position. As a result, the number of pores initially
available for migration is identical for each mole-
cule, regardless of its size. This is an important point
as electrophoretic velocity varies with molecular
mass [14,15] and, hence, spans three orders of
magnitude within a given sequencing reaction. In the

opposite case of zero stacking, DNA molecules 1.2. The mechanism of stacking

begin separation behind thousands of other mole-
cules evenly distributed within the 250-50@n
dimension of the cross-injector. This creates a con-
dition where the migration of smaller, fast-moving
molecules is likely impeded by the slower-moving,
larger molecules which occupy a large number of
pores ahead of their paths. Optimal stacking enables
faster molecules to migrate ahead of the sample,
thereby reducing barriers to migration. This would
likely increase the signal (and number) of DNA
molecules detected, thereby increasing resolution.

We have quantitatively measured the width of thes
stacked sample using the values of intensity recouded
for each pixel within the digital images. The resultss
from video microscopy are then correlated witbo
electropherograms to quantify the benefits of invo
creased stacking to DNA read-lengths and electror1
phoretic resolution. This study performed DN#2
separations within microdevices imposing injectiarv3

voltagesetween 85 and 850 V/cm. 174

175

The phenomenon of stacking within a cross-injec- 176

tor operates on the same principle as stacking ava
capillary [5,7,10,16]. When an electric field is api78
plied along a channel, the flux of ions within the79
channel generates a current that is described byts
current dehsjB6]. This vector points in the 181
direction of current flow and is strongly influencegb
by the ionic conductivity of the medium. Due to thes3
chemical composition required for separations, thes
ionic conductivity of the buffer electrolyte solutiorgs

In the present work, a new high voltage injection «g is typically much higher than that of the DNA 186

protocol is developed in order to optimize stacking
within the channel prior to separation. Separations
are still performed using four consecutive steps, but
now four distinct voltages are used in lieu of three.
The advantage of this protocol is that it enables a
distinct injection voltagey,, to be used, specifically,
to introduce a highly concentrated DNA sample into
the separation channel. Here, pre-electrophoresis is
performed using the voltagé, followed by sample
loading at the applied load voltagé,. Afterwards, a
distinct injection voltagey,, is applied during elec-
trophoretic injection, followed by a separate run
voltage,Vy, imposed during separation. Values\gf
can be significantly greater than, but are applied
for a maximum of 5 s to avoid sample degradation.
After this time, an electronic switch instantaneously
reduces the voltage to a more conventional valye,

to be applied during separation.

In order to visualize the motion of DNA samples
during electrophoretic injection, DNA molecules
were fluorescently tagged with propidium iodide and
observed using an epi-fluorescence microscope.
Once the sample was introduced into the mi-
crodevice, detailed images of its migration within the
cross-injector were captured using a CCD camera.

DNA boundaries,

solutian,Hence, when the run voltage is applied 187
along the channel, a disproportionate amount of 1b&
potential drop is found along the low-conductiviigo
sample. However, as the DNA molecules migraigo
towards the buffer solution, they exhibit an abrupt

drop in velocity upon experiencing the lower po-192

tential gradients present within the electrolyte. Thes
sudden decrease in velocity creates a very thinigmnd

concentrated zone of DNA molecules at the injectori19s
exit via
[9,10,16,18]. 197

the mechanism called “stacking” 196

Stacking can be described analytically using thes

one-dimensional moving boundary equation first 199
described by Longsworth [24] in the late 1950s.200

Since DNA molecules are constrained within the1
cross-injector prior to separation, the sample has twea
the frontal and terminating 203
boundaries. The frontal boundary is formed betweex4
the sample and buffer region closest to the anod®s
while the terminating boundary is formed betweerone
the sample and buffer closest to the cathode. Mdle?

cules on the frontal boundary immediately migraie
out of the sample and into the buffer electrolybeo
during injection because of their proximity to the1o

anode [9,20]. In contrast, molecules on the termi
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nating boundary migrate towards the anode within the cathode. In the first type of stacking, molecules
the sample at all times during injection as a conse- are concentrated on the frontal boundary. To fast
quence of their position within the cross-injector. order, with constant potential gradients within thzsg
Using the moving boundary equation, stacking is sample, DNA molecules experience an abrupt des
described utilizing a Lagrangian reference frame that crease in velocity only when they reach the fronted
migrates concurrently with the sample’s frontal boundary. Here, molecules are influenced by the2
interface. The stacking velocity can be determined lower potential gradients of the electrolyte buffess
from the expression [9,19]: almost immediately, and concentrate on the frontate4
boundary of the sample. In terminator-type stacking, 265
#Cos _ #Coe _ VsiCps—Cop 1) molecules are concentrated on the terminating 266
Ks Kg | boundary of the sample. Here, the potential within 267

the sample is continuously modified as the sample 268
width diminishes, imposing the largest gradients near 269
the terminating boundary [9] and the smallest po- 270
tential gradients towards the frontal boundary. Ac- 271
cordingly, molecules accelerate during electropho- 272
retic injection when the stacked sample reaches their 273
position. A concentrated, stacked sample of DNA 274
molecules is developed on the terminating boundary 275
as a larger number of molecules are accelerated by276
the high potential gradient associated with this 277
interface. Our previous work [4] has experimentally 278
identified stacking of DNA molecules within mi- 279
crodevices as terminator-type stacking. The different 280
potential gradients within the sample in the cases of 281
frontal and terminator stacking are illustrated in Fig. 282

where u represents the electrophoretic mobility of
DNA, C, ¢ is the concentration of DNA, D, present
in the sample, S, an€, ; is the concentration of
DNA in the electrolyte buffer, B. The ionic con-
ductivity of the sample, S, is denoted ky while «g
represents the ionic conductivity of the buffer, B.
The parameteWg; represents the stacking velocity,
i.e. the velocity of the terminating boundary with
respect to the frontal boundary, andis the total
current density within the channel. The current
density is defined by the total flux of ions within the
channel, which in the general case can be attributed
to electromigration, diffusion, and convection as
expressed in Eg. (2).

| = — kY& —F 3 zD,VC + Fu3 7C, @ 2 283
where @ is the electric potential in voltsF is
Faraday’s constant of value 9.880" C/mol, « is 2. Experimental section 284
ionic conductivity in S/cm,D is diffusivity mea-
sured in cri /s,z is the dimensionless valence Electrophoretic injections of DNA solutions were8s
number of the-th ion, u is the bulk velocity (which observed within the cross-injector portion of mi- 286
is identically zero for a fixed sieving matrix), artl crodevices using the 20 objective of an inverted, 287
is concentration in 1/fh . For the general problem, epi-fluorescence microscope (Nikkon TE-3000). 288
the conductivity can change in time due to redistribu- CCD camera collected the intensity of the fluorescesd
tions of ions within the channel. As shown previous- signals emitted by the labeled molecules at a ratezof
ly [21,22], an expression for the stacking velocity, eight frames per second using a time-lapse protoeeli
V51, can be obtained utilizing Egs. 1 and 2 simul- (Openlab software). Intensity measurements obtairead
taneously. from pixels located in the channel centerline were 293
One of the more complete stacking models pro- then converted into 8-bit digital images using a 25&
posed by Gebauer et al. [9] defined two types of gray-level scale. 295
stacking termed frontal- or terminator-type stacking. Microfabricated devices used in this study wezes
DNA exhibit frontal-type stacking when molecules manufactured from 150-mm-diameter glass wafezs7
accumulate near the frontal boundary of the sample, (Corning, NY) using techniques described in tie
nearest the anode. Conversely, DNA exhibit ter- literature [1]. The channels are hemispherical g0
minator-style stacking when molecules accumulate cross-section, approximatein #0depth and 90 300

near the terminating boundary of the sample, nearest um in width, and have an effective separation length 301
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Fig. 2. The set of four images on the left-hand side illustrates a representative case of frontal-type stacking while images on the right-hand
side illustrate terminator-type stacking. Potential gradi&dswithin the channel at different timeg, are represented by dashed lines. As

seen, frontal-type stacking predicts constant potential gradients within the sample during stacking, while the model of terminator-type
stacking predicts potential gradients that change with time and position of stacking.

of 11.5 cm. The sample and waste channels of each
cross-injector are approximately 5.0 mm in length,
and horizontally offset by a distance of 250m.
Glass reservoirs (Ace Glass, Vineland, NJ) of |HO-
volume are affixed around the laser-drilled holes that
access the electrophoretic channel in order to contain
the appropriate volumes of sample and buffer solu-
tions. The inner walls of the microfabricated chan-
nels were coated using a Hjerten procedure [23]
while a polymeric sieving solution of 2% linear
polyacrylamide (LPA, 9 MDa) was loaded into the
channel center at rates that ensured minimum degra-
dation [24]. Channels were re-loaded with a new
volume of sieving solution prior to, and in between,
successive sample loadings and injections.
Polydisperse reactions were prepared using*10
M concentrations of DNA sequencing reactions
obtained from the M13mp18 vector [6]. Sequencing
reactions were comprised of single-stranded DNA
molecules ranging from 1 to 7300 bases in length,
including the template molecule. Polydisperse sam-
ples were synthesized via standard cycle sequencing
chemistry with AmpliTag-FS, Big-Dye-Terminator
labeling (Applied Bio-Systems/Perkin-Elmer, Foster
City, CA) and desalted using Centri-Sep spin col-
umns (Princeton Separations, Adelphia, NJ). Sam-

ples were also fluorescently labeled With110 335
propidium iodide to facilitate detection during ex36

periments. 337
DNA sequencing reactions were loaded into the 338

cross-injector by applying a negative potential 33b

2300 V (corresponding to 150 V/cm) to the sangie
reservoir and keeping the waste reservoir at growsad.
During sample loading, the buffers in both the anode
and cathode reservoirs were left floating. Leakage4af

excess sample from the cross-injector into the sepas4

ration channel was prevented with a small electrsas
pull back voltd@eM/cm) applied to both halves 346
of the loading channel 10 s after injection, as7
described previously [4]. In all experiments, a rusus
voltage between 85 and 850 V/cm was applied fas48
s during electrophoretic injection and then reducesbto
the standard 150 V/cm for full separation using3ai
voltage relay switch. Additionally, pre-electroph@s2
resis was performed at 300 V/cm for 3 min, befasgs
each sample was loaded into the channels. In oeder
to obtain resolution data from electropherograss
analysis, the G-traces of Big-Dye-Terminator labeted

DNA sequencing reactions were used [1,4]. Thes7

G-traces were selected due to minimal cross-talk easd
ease of tracking isolated peaks over the entire range
of fragment sizes. From the resulting electropherzsy-
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rams, the migration time of the sequencing fragments Gaussian in Fig. 3 unless ultra-high voltages e
were plotted against their base number and fitted used. 406
with a Gaussian distribution using Microcal Origin The first digital image in Fig. 3 illustrates the4o7
6.0 software (Microcal Software, Northampton, MA, stacked sample generated by applying an injectieos
USA). voltage that is only slightly higher than the conven- 409

tional run voltageyV, =236 V/cm. As seen, the width 410
of the sample is fairly large and displays a sharply 411
concentrated region of molecules in its center. Using 412

3. Results and discussion an injection voltage o¥, =394 V/cm, the width of 413
the sample is slightly decreased and its overall DNA 414
3.1. Digital images distribution is more compact. The electrophoretic 415
injection performed usiny, =427 V/cm is truly the 416
Using the new high voltage injection protocol, the first to illustrate the improved stacking dynamic&l7?
shape of the stacked sample at the exit of a 2B~ desired. Here;-92% of DNA molecules are concen- 418
long cross-injector offset is observed quantitatively. trated into one profile, while only traces of DNA19
The effectiveness of this protocol to increase the molecules are “unstacked”. Further, the distributiaro
sample concentration is evident in Fig. 3. The set of of DNA molecules is near perfectly Gaussian when
six digital images on the left-hand side of the figure electrophoretic injection is performed using the ultraz2
displays the shape of different stacked samples high voltagk=-e708 V/cm. 423
obtained after electrophoretic injection. Images are The quantitative plots seen to the right of eacia
arranged in order of increasing injection voltayfg, digital image depict the width of the stacked samples 425
as indicated by the values shown near the top of each proceeding injection. These plots display fluoresesmt
image. The set of plots on the right-hand side of the intensity measurements from the corresponding digi-
figure displays the corresponding fluorescence in- tal images using a 256 gray scale. As seen in Tabée
tensity within the stacked sample as measured along 1, the width of the stacked sample produced from2an
the channel centerline. These plots represent the injection voltage of 236 V/cm was, ¥hile the 430
molecular distribution of DNA molecules within the stacked sample developed via an injection voltage a1
stacked sample, quantitatively, on a 256 gray scale. 708 V/cm was onjynRivide. In addition, the 432
As seen from Fig. 3, the distribution and overall digital images gathered during high voltage injectiors3
width of the sample decrease quickly with increasing illustrate the inaccuracy of using the conventioniah
voltage during injection. Note, the sample width is full width at half maximum analysis,,,, to 435
defined by the distance between its frontal and model distributions of DNA as Gaussian. As se&ss
terminating boundaries. In addition, molecules of the from Fig. 3, the parardéter,, is not accurate 437
stacked samples in Fig. 3 do not appear to migrate in unless ultra-high voltages are used. 438
a Gaussian profile until very high injection voltages Table 1 demonstrates that ultra-high voltages riab
are applied. This is somewhat surprising, as the only produce Gaussian distributions of DNA, buio
distribution of distinct DNA populations has been also decrease the full width at half maximuny41
traditionally modeled using Gaussian profiles in W, Of the stacked sample. As seen, an injection 442
electrophoretic analysis [13]. However, the distribu- voltage of 426 VV/cm produces a stacked sample wits

tion of molecules within the stacked samples is never W;,,,w=21 pm, while a voltage of 708 V/cm 444

Fig. 3. The set of six digital images on the left-hand side represent the shape of’alpolydisperse sample following electrophoretic
injection, as captured in real-time via video microscopy. In each image, the sample arm of the cross-injector is seen on the upper left-hand
side (denoted by the letter “S”), while the waste arm is shown on the lower right (denoted by the letter “W”). The cathode and anode are
located at the far left and right, respectively, of the main separation channel oriented horizontally in each image. Each image illustrates the
stacked sample generated via high-voltage injection protocols. All experiments utilized a load Vpjta800 V/cm and run voltagdj ,

equal to 150 V/cm. The values of injection voltage,used for each experiment are shown in the upper right-hand corner of the images.
The set of six plots on the right-hand side of the figure illustrates the corresponding intensity profile of each stacked sample.
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Table 1 Table 2 469
Width of the stacked DNA sample during electrophoretic injection Read-lengths and resolution measurBmealgained from 470
using high voltage protocols separations performing high-voltage injections 472
\Y WL Wewhm \Y Read-lengths Highe®, AverageR. 473
(Vicm) (wm) (m) (Vicm) (bases) (bases) 47 él?z
236 73 - 236 50-510 150-250 0.42 47
394 62 - 554 52-512 178-310 0.55 47
426 55 21 708 55-510 198-325 0.57 47
479
554 51 19 , , , o |
630 40 15 6I1ID separat|ons' were performed using spin-column-purified 4
708 27 9 10~ M sequencing reactions, 2% solutions of 9 MDa LPA, a 4
load voltage of/ =300 V/cm and a run voltage &, =150 V/cm 482
Measured widthW., is defined as the distance between the within identical @B6length injectors. Actual electrophoretic 48

frontal and terminating boundaries of the sample. These values
were experimentally determined using intensity values from the
channel centerline. Further analysis of intensity measurements
provided a full-width at half-maximum representatidh,,,,,,
where applicable.

develops a sample with,,,,,, =9 pm. If we were

to represent the distribution of the stacked sample
obtained from usingy,=236 V/cm as a Gaussian
with a Wy, Of 45 um (as would normally be done
lacking digital images), these data indicate high
voltage injection increased stacking by a factor of
five.

3.2. Correlation with sequencing results

Data obtained from fluorescent imaging have
clearly demonstrated the increased sample concen-
tration resulting from high voltage injections. These
data are now correlated to separation data obtained
from electropherograms performed using identical
injection protocols. Although numerous researchers
[13,14,25] have documented the negative effects of
high run voltages during separation, these newest

injections were performed at the elevated injectionWoltageg84
denoted in the table.

same overall read-lengths (50-510 bases), Table 2515
also indicates that higher values of injection voltage 516
increased the resolution of larger DNA molecules. 517
As seen, when an injection voltage of 236 V/cm was 518

used, an average resolution of 0.42 was obtained,

with molecules 150—250 bases in length exhibiting20
the highest resolution. When the injection voltage21

was increased to 708 V/cm, a higher average res
olution of 0.57 was measured, but the highess

resolution was exhibited by DNA 198-325 bases in 524
length. Although the 25% increase in overall res- 525
olution is significant, the fact that the highest res- 526
olution region was shifted to larger molecules is 527

perhaps an even larger discovery. These preliminszy
experiments indicate that higher levels of stackisg
may be the key to sequencing larger DNA fragmentsp
or possibly increasing overall read-lengths dusizig
separations. Although the optimal benefits of staskz
ing will surely depend upon a detailed match of g
channel geometry and experimental conditions vsith
the desired assay, the modified high voltage proteg®l

experiments indicate that short periods of high will certainly assist in this effort. 536
voltage during injection do not destroy the quality of
DNA separations.

Results of separations of DNA sequencing re- 4. Conclusions 537

actions performed under identical experimental con-
ditions described in the Experimental section are
summarized in Table 2. All separations were per-
formed using a conventional run voltagé, =150
V/cm, applied after electrophoretic injection. The
data illustrate that implementation of the high volt-
age injection protocol increased DNA resolution by
25%, as anticipated in Section 1.1. However, al-
though each separation produced approximately the

In this study, high voltage injection protocols wesas
used to increase sample concentration during electso-

phoretic injection, prior to separation. The effective- 540

ness of this protocol was well described by digitahk1
images and intensity measurements that documerdes
increased levels of stacking induced by high voltages
injection protocols. These data were also supporsed

by electropherograms which confirmed that stackisg
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