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Spontaneous Injection In Wrocotumn Separations 
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The plleaomemM of spont.aeourr (ubiquitous) hjectioa in 
microcolumn separations lus been characterized to impore 
quantitative precisioa for d-c- and to ensraCe 
separation efficiency. By combining fluomcence imaging, 
video microscopy, and “ m t s  from capillary electro- 
phoresis, we demonstrate that spoatrseolls injection is caused 
primarily by an interfacial pressure difference formed at the 
inletoftbecapibry. T B E s e o ~ x ~ l a Q c b r n i s m h s  
been meddcd with some simph “@ions based on Raid 
dynamics. Ia puticuhr, stanlies showed tbat e x t ”  
injectida is redilccd up to 12fC4ldby etc- the crpuruy inlet 
or by using a thin-walled capillary. VUirtbas by a hctor of 
2 in the injection length can result from delays between sample 
introduction and reinsertion into the inlet v&i if the timbg is 
notcontd&dpradsdy. E ~ i s ~ t b r t e v a p o m t i o n  
ofMerfrem &inlet ernreducethekrjectioa wby more 
than 1 ordcr of magnitude. 

Microchannel separation techniques, such as capillary 
electrophoresis (CE) and open tubular liquid chromatography, 
are especialy well-suited for chemical analysis in small 
vo1umes.l The ability to perform subnanoliter injections’-3 
offers many opportunities for chemically profiling complex 
samples in cellular biochemistry and biotechnology. Examples 
include the analysis of single cells, subcellular organelles, and 
vesicles.14 The use of narrow injection plugs also significantly 
improves separation efficiency and resolution.%ll Indeed, the 
importance of performing small injections has been recognized, 
and several approaches for ultramicrosample injection and 
manipulation have been demonstrated including CE on a 
chip,12J3 electrophoresis across a gap,14JS specialized micro- 
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injection techniques,l6-19 and on-column microreactions.20J 
Simply touching the capaary to the sample solution, 

however, has long been recognized to cam an extraneous 
injection that aceounts for the nonzero intercept when 
calibrating injection volumes in CEel1*au and in electro- 
kinetic ~hromatography.~~ As sample volumes decrease 
further, reducing this type of injection error becomes critical. 
Even for routine analysis, capillary electrophoresis has suffered 
from poor reproducibility,*a and improverwnts in quantita- 
tive precision and accuracy are needed. Grushka and 
McCormick9 were the first to report on this extraneous 
injection, a phenomenon they called “ubiquitous injection”. 
They found that ubiquitous injection could stad as soon as 
thecapillarymadecontactwith thesample. Afterthecapillary 
was removed, the sample had penetrated -700 pm into the 
capillary, corresponding to an approximate volume of 3 nL 
for a 75-l,tm-i.d. capillary. Furthermore, they reported that 
the pracess of sample penetration showed no correlation to 
the interval of time the capillary waa in umw with the sample. 
Other ~ t u d i e s ~ ~ 9 ~ ~  established that tbis extraneous injection 
would lead to errors in calibration and quaatitation €or which 
compensation is difficult even with internal standards. In 
addition to degradmg quantitation, this extranam injection 
can severely reduce separation efficiency.%ll 
Dose and Guioch0n~~*2~ discussed an inherent difficulty in 

quantitative CE injections, namely, that the injection zone 
boundaries are defined by interfaces between mWble solutions 
that spontaneously lead to dispersion. They argued that 
diffusion might play thedominant role in extraneous injection. 
Using computer simulations, they showed that the concentra- 
tion gradient at the inlet caused a rapid net flow of the sample 
into or out of the capillary. In addition, as a filled capillary 
touches a liquid surface, the surface tension is broken and the 
resultant convective mixing can contribute to extraneous 
injection of the sample.30 Although these arguments b a d  
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Figure 1. Fluorescence imaging system used to visualize and quantitate 
directly spontaneous extraneous injection. A videc~peed CCD camera 
was reversibly interchanged with a low-noise, scientificgrade CCD 
camera. Objects are not drawn to scale. A 10-pL drop was injected 
onto the stage for all experiments. 

on diffusion and convection can partially explain how sample 
enters the capillary, additional factors must contribute to 
account for the observed amount and speed of injection.e1 1,23924 

Several additional explanations have been offered, but the 
dominant mechanism responsible for this spontaneous (ubi- 
quitous) injection remains unresolved and a matter of some 
concern to the CE research community. 

In this work, we characterize a predominant mechanism 
of spontaneous extraneous injection in capillary electrophore- 
sis. Using a fluorescence imaging system equipped with a 
scientific-grade charge-coupled device (CCD), video micros- 
copy, and quantitative measurements from capillary electro- 
phoresis, we demonstrate that extraneous injection originates 
primarily from the formation of an interfacial pressure 
difference across a droplet at the inlet of the capillary upon 
removal from the sample reservoir. Sample is introduced into 
the capillary by a process known in the chemical engineering 
community as spontaneous fluid di~placement.~~ Because 
penetration is time dependent, transfer times that differ 
between sample introduction and reinsertion into the inlet 
vial can result in reproducibility errors. In addition, we also 
identify that the vapor pressure surrounding the capillary 
during the transfer delay may significantly affect the injection 
process and lead to a massive loss of running buffer, which 
causes sample compression in the entrance of the column. We 
demonstrate the deleterious nature of both spontaneous fluid 
displacement and sample compression to injections in capillary 
electrophoresis and offer practical methods for controlling 
these effects. 

EXPERIMENTAL SECTION 
Imaging System. Figure 1 shows the imaging system used 

to visualize and quantitate extraneous injection plugs. The 
inlet end of a fused silica capillary column (25 X 348, 50 X 
345, 75-pm i.d. X 345-pm 0.d.) (Polymicro Technologies, 

(3 1 )  Marmur, A. In Modern Approaches to Wertability: Theory and Applications; 
Schrader, M. E., L a b ,  G., Eds.; Plenum: New York, 1992; pp 327-356. 

Phoenix, AZ) was cleaved by first scoring the polyimide coating 
with a ceramic cleaving square (Polymicro Technologies) and 
then carefully bending the capillary to fracture it. With care, 
this procedure consistently produced a nearly flat surface (as 
observed under a stereomicroscope) with an angle of -87 f 
3'' with respect to the capillary wall. A 5-mm section of the 
polyimide coating at the inlet end was removed with a Bunsen 
burner flame. The capillary was then fixed in position and 
imaged by a stereomicroscope (SMZ-2T, Nikon, Tokyo, 
Japan). For the qualitativevisualization experiments, images 
were taken with a CCD video camera (Sony) and recorded 
with a VHS video recorder (Panasonic). A fiber-optic bundle 
(Cole-Palmer, Niles, IL) was directed into the microscope's 
built-in optics to provide Koehlerlike illumination. For 
displaying images on film, the video recorder was stopped 
(paused) and photographs were taken of thevideo screen (Sony 
Trinitron) using a Nikon 35-mm camera (Model N80085). 

For the fluorescence imaging studies, a liquid-nitrogen- 
cooled (-1 26 "C), scientific-grade CCD camera (Photometrics, 
Tucson, AZ) equipped with a 5 12 X 5 12 CCD chip (PM5 12, 
Photometrics) was used for imaging. The CCD was controlled 
by IPLab software (Signal Analytics, Vienna, VA) using a 
photometrics NU-200 camera controller board, CC200 camera 
controller, and PS200 power supply module. The fiber-optic 
bundle directly illuminated the capillary with broad-band 
excitation that was sent through a 490-nm bandpass filter 
(BG-7, Schott Glass Technologies, Duryea, PA). Fluorescence 
from the capillary was collected from the microscope optics 
(32X magnification), which had a 532-nm interference filter 
(Oriel, Stratford, CT) mounted on its front. The CCD was 
positioned at the focal plane of the stereomicroscope. A 
chamber was built around a small platform that holds the 
sample solution. The chamber was made from a standard 
plastic cuvette (1-cm path length) that was inverted and the 
open end sealed to a piece of Plexiglas. A small hole (slightly 
larger than thecapillary) was drilled into the top of the chamber 
so that the capillary could enter for the purpose of making 
injections. 

Sample solution was injected onto the small platform inside 
the chamber. For experiments performed in a saturated 
environment, the chamber was filled with water to the level 
of the platform to provide a water-vapor-saturated environ- 
ment. For experiments performed in ambient conditions, an 
identical chamber was made with the top completely open to 
the atmosphere, and the humidity of the air in the chamber 
(Palo Alto, CA) ranged from -40 to 65%. Each chamber 
was mounted on a Plexiglas plank raised and lowered by a 
micromanipulator (Prior, England). To prevent inadvertent 
hydrodynamic injection, each capillary was positioned so that 
the meniscus in the outlet reservoir would be 2-3 mm above 
the meniscus of the sample solution. Moreover, the capillary 
was in contact with the sample no longer than 5 s. 
CCD Image Processing. CCD images were collected by 

a Macintosh IIci computer using the IPLab spectrum software. 
The capillary inlet was imaged onto a region of the CCD that 
had a width ranging from 20 to 60 (2 X 2 binned pixels) and 
a length from 200 to 400 (2 X 2 pixels). Because the 
magnification was slightly different for each capillary inner 
diameter, the pixel geometry read out by the CCD varied to 
accommodate the different image dimensions. These pixel 
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geometries were read out with exposure times between 0.1 
and 0.5 s and a gain setting of 1.0. Collection rates were 
between 0.75 and 1.7 Hz for entire snapshots. Image 
dimensions were eatimated by using the known premayured 
outer diameter of the capillary as  an bternal calibration. 
Images of the capillaries had similar cross-sectional profiles. 
From these images we could estimate the position ofthe edge 
of the outer capillary wall with an uncertainty of 3 pixels, thus 
making the internal calibration d i s w  accurate to within 
6 pixels (final injection lengths ranged between 50 and 165 
pixels). The front end of the capillary was identified by a 
bright spot that appeared at the front end of all capillaries 
before and after the fluorescein solution entered the column. 
The fluorescence response from the channel of the capillary 
filled with a homogeneous solution of fluorescain was roughly 
uniform and varied linearly with the concentrations used in 
these studies. 

To determine spontaneous extraneous injection lengths, a 
plot of the fluorescence intensity along the length of the 
capillary channel was obtained. First, pixels a c r m  the width 
of the channel were averaged. This averaging resulted in a 
singk intensity value for each point along the length of the 
column, thus resulting in a onedimensional image slice down 
the capillary. These slices were converted to onedimensional 
text file arrays and then analyzed on the M a c i m h  IIci using 
programs written in Igor (WaveMetrics, Lakeawego, OR). 
Plots of the image slice showed the concentration profile along 
the length of the injection plug. The front end of the 
concentration profile for an injection plug is defined by an 
error functi0n.3~9~3 To quantitate the length of the injection, 
the front end of the injection profile was defined as the point 
where the intensity had decreased by 505% of the maximum 
(the inflection point). The maximum intensity level was 
determined by taking the average intensity along a segment 
of the uniformly filled portion of the capillary, just prior to 
the injection front. For all curves, the 50% point compared 
favorably with the actual calculated inflection point and was 
used because it was easier to obtain. By use of the 50% point 
for the lading edge, injectien lengths were normalized for 
each image. Thus, comparisons between the kinetics of 
injection penetration for each run with a particular capillary 
inner diameter were internally consistent and averaged out 
any nonuniformity in illumination or fluorescence intensity. 
For these reasons, flat-field correction of the data was not 
performed. Although no dark-current subtractions on the 
CCD images were made, baseline subtractions were carried 
out on the intensity profiles along the column length. To 
more easily compare the amount of injection for different 
capillary inner diameters, the length of the injection plug was 
converted to an effective cylinder with a given volume. 
Calculation of the volume in this manner with the assumption 
of a homogenous solution provided a reasonable estimate of 
the amount of sample. The penetration kinetics are obtained 
by plotting this effective volume against time. For these 
penetration curves, we have chosen the time point immediately 
before a sharp increase in penetration kinetics as the starting 
time for spontaneous injection. 
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CE Detection System. Separations were performed using 
a home-built CE system with an absorbance detector (Isco 
CV4, RI). The detector wavelength was set at 340 nm with 
a timecontantof0.2~. Thevoltagecontrolhasbeendescribed 
elsewhere.3' The inlet of the capillary was manually trans- 
ferred from the sample solution to the inlet reservoir. As in 
the CCD imaging studies, injections were made from a 10-pL 
droplet on a patform surrounded by the cuvette chamber. A 
larger hole in the top of the chamber was used to facilitate 
the manual transfers. In addition to filling the chamber to 
the level of the platform with water, a saturated environment 
for the CE experiments was ens& by paeitionhg the capillary 
just above the sample droplet after solution breakup. The 
capillary was in contact with the sample no longer than 5 s. 
Timing for the transfer was accomplished using either a 
stopwatch or an alarm timer. During the injection, the sample 
solution was held 1-2 mm below the I m l  of the outlet rcservoir 
to prevent inadvertent hydrodynamic injection. Similarly, to 
prevent loss of the sample from inadvertent hydrodynamic 
outflow when the capillary was reinserted into tbe inlet buffer 
reservoir, the outlet reservoir was held 1-2 mm below the 
inlet. A delay of -10 s occurred between reinserting the 
capillary into the inlet vial and applying the voltage across the 
capillary. Data were collected with a 486 computer (Adisys, 
Santa Clara, CA) using Lab Calc data acquisition software 
and a Chrom-lAT data acquisition board (Galactics, NH). 
Peak areas were determined using the Lgb Calc software 
algorithm. Analyte bands that travel past the detector at 
different velocities give different peak areas. Hence, only 
analyte bands that had migration times within 5% of each 
other were used in this analysis. Random noise spikes in 
electropherograms were removed for clarity of presentation. 

Qcmicals PIld Reagemts. All solutions were repared from 
a Millipore water filter system (Milli-Q Plus/UV, Milli-RO 
6 Plus, Waters, Bedford, MA). A 15 mM phosphate buffer, 
pH 8.9 (Mallinckrodt, San Francisco, CA), was used for all 
studies. For CE runs, the buffer was filtered through 0.2-pm 
pore size syringe filters. Imaging studies were carried out 
using a 0.4 mM 2',7'-dichlorofluorescein solution dissolved in 
15 mM, pH 8.9 phosphate buffer. Stock solutions of A',- 
dansyl-L-lysine, N,-dansyl-L-tryptophan, and dansyl-L-alanine 
(Sigma Chemical Co., St. Louis, MO) prepared in the 
phosphate running buffer were stored in the refrigerator and 
serially diluted as needed before use. 

CIpUkry Treatments. All capillaries were conditioned with 
0.1 M sodium hydroxide (Mallinckrodt) prior to use, and 
buffer was then electrophoresed though the column for 1 h. 
For some studies, the outer surface of the capillary was 
silanizcd by holding an air-filled column in a solution of 
dimethyldichlorosilane in toluene (silanization solution from 
Supelco, Bellefonte, PA) for 30 min. Afterward, the column 
was purged with nitrogen and air-dried for several minutes. 
The outer diameter of some capillaries was chemically etched 
with 0.1 M hydrofluoric acid (Sigma) for 2.5 h. Because 
hydrofluoric acid is extremely harmful upon skin contact, 
thick gloves and protective clothing must be wom when it is 
handled, and the vapors must not be inhaled. To maintain 
a constant inside diameter, the other end of the column was 

(34) Sakdler, J. V; Shear. J. B.; F h n ,  H. A,; Zas R. N.; S c h d a ,  R. H. 
Awl. Chem. 1991,63,496SO2. 



a 
t 

Figure 2. Video Images showing the inlet end of a 75-pm-i.d., 343-pm-0.d. capillary with polyimide removed. Capillary (a) prior to sample contact, 
(b) contact with the sample immediately before solution breakage, (c) 34 ms after leaving solution, and (d) - 10 s after leaving solution. The 
orange solution below the capillary inlet is 2',7'dichlorofluorescein dissolved in 15 mM, pH 8.9 phosphate buffer. 

attached to a pressure-regulated nitrogen tank, thereby 
creating a constant flow of nitrogen through the column to 
prevent the acid from entering the inside of the column. The 
capillary was rinsed with water before use. 

To maintain uniform wetting on the outside surface of the 
capillary (i.e., to reproduce the surface conditions), excess 
water droplets were removed from the outside of the capillary 
before each run. For the CCD imaging experiments, this 
removal was accomplished by slowly withdrawing the analyte 
solution from contact with the capillary. For CE runs, water 
drops that adhered to the outside capillary surface were 
removed by lightly drawing the edge of a cover slip across the 
surface. Only runs with no noticeable surface spreading after 
sample contact were used in these studies. 

of Figure 2 show images of the inlet of a fused silica capillary 
(75-pm id., 343-pm 0.d.) as it enters and leaves a solution of 
fluorescein dissolved in the running buffer. Upon contact 
with the surface (Figure 2b), the solution immediately wets 
the sides of the capillary and spreads upward until the 
interfacial energy between the water and the glass are 
balanced.35 As the solution is slowly lowered below the 
capillary inlet, the solution forms a quasicylinder of liquid 
that eventually becomes unstable toward the necking (Rayleigh 
in~tab i l i ty~~,~ '  and collapses into two segments. One segment 
of the collapsed cylinder forms a droplet that adheres to the 
end of the capillary (Figure 2c), and the rest falls back into 
the bulk of the solution. Spontaneously, the droplet penetrates 
into the capillary, and within a few seconds, the entire droplet 

THEORY 
A video microscope imaging system reveals an unexpected 

mechanism for spontaneous extraneous injection. Parts a 4  
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has entered into the capillary and displaced the buffer present 
(Figure 2d). This type of capillary penetration from a limited 
reservoir has been termed spontaneous liquid-liquid dis- 
placement or spontaneousfluid displacement by M a r m ~ r . ~ ]  

Interfacial pressure difference across the curved droplet 
drives the penetration process. As originally noted by Young3* 
and Laplace39around the turn of the 19thcentury, the pressure 
difference, Ap, across a curved surface is given by the following: 

where y is the surface tension of the solution and R1 and R2 
are the principal radii of curvature of the droplet. If the 
meniscus is approximated by a hemispherical surface, then 
the pressure difference becomes 

Ap = 2yJR 

The droplet maintains the curved shape to minimize the surface 
area.@ As long as an inward pressure exists at the entrance 
of the capillary, penetration occurs. The equilibrium condition 
is one in which a counteracting pressure opposes the interfacial 
pressure difference from the curvature of the dr0plet;31*~~~3 
in the case of CE, this counterpressure can arise from a height 
difference between the inlet and outlet reservoirs, so that we 
have 

where p is the density of the solution, g is the gravitational 
acceleration, and h is the height difference between the 
reservoirs. From Marmur's res~lts,3~>~3 we can predict (and 
later will show) that the force from the interfacial driving 
pressure can be much greater than that formed from typical 
height differences between reservoirs. This pressure may have 
interesting ramifications for injections in small-bore capillaries 
(2 and 5 pm). 

Flow kinetics for capillary penetration have been described 
in detail by several authors.'6 L ~ c a s ~ ~  and Washburn45 
first developed a quasi-steady-state theoretical approach for 
capillary penetration that was based on fully developed laminar 
flow of a Newtonian liquid with negligible inertia effects. 
They combined the pressure difference across the curved 
interface with known flow dynamics in a capillary. The total 
fluid flux of the solution in a capillary is given by the Hagen- 
Poiseuille equation:33 

dv=& 
dt 8 7 L  (4) 

(38) Young, T. Philos. Trans. R.  Soc. London 1805, 95, 65-87. 
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vols. Reprinted, Chelsea: New York, 1966. 
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1990. 
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35. 213-218. 

where dV/dt is the flux (volume per unit time), Ap is the 
pressure difference, r is the radius of the inside of the capillary, 
L is the length of the capillary, and 7 is the viscosity of the 
solution. By substituting eq 3 into eq 4, a differential equation 
for the flow kinetics into a capillary caused by a pressure 
difference across the droplet is obtained: 

This equation is essentially identical to the general form of 
the Lucas-Washburn e q u a t i ~ n ~ . ~ S  that describes the kinetics 
of flow in a capillary in which the pressure difference results 
from the curved meniscus in classic capillary rise experiments. 

Equation 5 allows us to make some general predictions 
about what types of flow kinetics occur provided we know 
how the curvature of the meniscus varies in time. In one 
possible mechanism, the droplet surface can be thought of as 
a portion of a sphere with the ends attached to the outside of 
a thin-walled capillary. As the fluid is forced into the capillary, 
the droplet surface flattens, and accordingly, the radius of 
curvature of the droplet increases. As the radius of curvature 
increases, the interfacial pressure difference decreases, and 
the flow velocity slows down until the droplet penetrates into 
the capillary. Marmur3' describes a different geometric 
situation, in which the droplet is attached at the inner capillary 
walls, and instead of flattening, it reduces its volume by forming 
smaller and smaller spheres. This scenario creates an opposite 
dynamics of flow, namely, one in which the radius of curvature 
continually decreases, thus leading to greater pressure dif- 
ferences and an increasing penetration velocity. Equation 5 
assumes that the droplet is a portion of a sphere that maintains 
a fixed point of attachment at the outer edge of the capillary. 
With thin-walled capillaries, the droplet can easily maintain 
a fixed attachment site; there is a limited amount of surface 
area on the front annular surface at the capillary inlet to 
which the droplet can adhere. 

In practice, many factors can modify the interfacial energy 
of the curved meniscus and must be taken into account when 
the actual interfacial pressure difference at the capillary 
entrance is modeled. The surface morphology, especially how 
well the capillary is cleaved, and the wettability of the capillary 
surface are extremely important. Cohen and G r ~ s h k a ~ ~  have 
studied the influence of the shape of the inlet on the observed 
efficiencies in capillary separations, and they found that 
straight-edge capillaries are superior to slanted ones. Surface 
roughness can cause contact angle hysteresis31 and result in 
deviations from a spherical droplet surface. In general, any 
factor that affects the apparent contact angle between the 
droplet and the capillary surface or the point of attachment 
can significantly affect the shape and amount of the droplet 
present at the entrance. With 360-pm-0.d. capillaries, the 
annular front surface area is significant. Video observations 
demonstrate that the droplet attaches at the outer edge of the 
annulus immediately after solution breakage. As the droplet 

(47) Cohen, N.; Grushka, E. J.  Chromarogr., in preparation. 
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penetrates into the capillary, the contact line for the droplet 
may move toward the inner walls and affect the interfacial 
pressure difference. In addition, any surface spreading onto 
the outside walls of the capillary would act to increase the 
radius of curvature of the meniscus and relax the interfacial 
energies. For example, when a capillary is cleaved with the 
front surface edge more rounded and less defined, solution 
may more easily spread along the outside surface. 

Differences in the process where the solution necks and 
breaks apart to form the droplet at the end of the capillary 
may also contribute to variability in amount inje~ted.~8 One 
factor that may affect the breakup of the necking solution and 
hence the amount of droplet formed on the end is the radius 
of curvature of the sample solution into which the capillary 
is inserted. Moreover, the speed at which the capillary leaves 
the sample solution may affect how much liquid forms at the 
entrance. For rapid removal, we observed that the droplet 
formation is not localized to just the front surface of the 
capillary but instead pours over the edge and spreads along 
the outside surface of the capillary. 

- i  
RESULTS AND DISCUSSION 

Generality of Mechanism. We tested several different 
experimental conditions to confirm the generality of this 
mechanism for spontaneous injection. This penetration process 
occurred with 75-,50-, and 25-pm4.d. capillaries (-345-pm 
0.d.) with and without the polyimide coating removed. These 
video experiments were performed with the fluorescein solution 
dissolved in the same buffer as in the filled column. 
Qualitatively, we found the same mechanism of injection for 
the case in which the fluorescein was dissolved in different 
buffersand at different pHs (pH 8.7 phosphate, pH 9.3 borate, 
and pH 12 phosphate buffers). Furthermore, the spontaneous 
injection effect was found to occur with other dyes (bro- 
mophenol blue and rhodamine). In 50 trial experiments, we 
observed that the amount of fluorescein injected simply upon 
contact with the solution comprised only a small fraction (less 
than 10%) of the overall amount injected after the capillary 
was removed entirely from the sample. This reproducible 
observation is inconsistent with initial reports by Grushka 
and McC~rmick,~ who observed that the sample could 
penetrate as much as 700 pm upon contact. Spontaneous 
injection resulted when the capillary was removed from both 
a small sample reservoir (10-kL droplet on a slide) having a 
small radius of curvature and from a large sample reservoir 
(1 -mL vial) having a large radius of curvature. 

For the capillaries we studied, spontaneous fluid displace- 
ment of the droplet was the dominant contribution to 
extraneous injection. Because many factors can affect the 
spontaneous injection, we have chosen to study the behavior 
using a set of capillary conditions that were reproducible in 
surface flatness, surface wettability, removal speed, and size 
of the sample solution reservoir (see Experimental Section). 
Even with some differences in cleave angle and surface 
roughness (as observed under the microscope), the obtained 
conditions are sufficiently reproducible to give similar injection 
amounts (within approximately 10-2076) with different 

(48) Fishman, H. A.; Scheller, R. H.; Zare, R. N., submitted to J.  Chromatogr. 
symposium volume for the 6th International Symposium on High Perfonnance 
Capillary Electrophoresis. 
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capillary cuts. Although variations in surface conditions from 
capillary to capillary or differences in the radius of curvature 
of the sample solution may affect injection amounts, the 
mechanism of spontaneous fluid displacement is general 
enough that important trends and conclusions can be derived 
from investigating more quantitatively a single set of repro- 
ducible conditions such as those chosen in this work. 

Penetration Kinetics in Saturated Atmosphere. The kinetics 
of sample penetration into the capillary were quantitatively 
imaged using a charge-coupled device. To decouple the effects 
of evaporation on the droplet, the inlet was contained in a 
water-vapor-saturated compartment. Shown in Figure 3a are 
curves quantifying the effective volume of the spontaneous 
injection as a function of time after removal the capillary 
from the sampIe solution. Representative penetration curves 
for 7 5 ,  50-, and 25-pm-i.d., - 345-pm-0.d. capillaries are 
plotted. As predicted by eq 5 ,  the velocities decreased with 
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Flgure 4. Effect of varying the time between transferring the caplllary inlet from the sample solution and relnsertlng It in the inlet resc#vok. The 
capillary was transferred in a vapor-saturated atmosphere. Each electropherogram shows a separation of ~ 0 . 5  mM (1) dansytlydne, (2) 
dansyltryptophan, and (3) dansylalanlne. The different electropherograms correspond to the folbwing transfer times: (a) 2, (b) 10, (c) 20, (d) 60, 
(e) 80, and (f) 120 8. The mean and standard deviations for each set of delay times are shown in Figure 3b. Separatkm capillary, 75 pm i.d. 
X 62 cm (27 cm to detector): buffer, 15 mM phosphate, pH 8.9  l6kV voltage. 

smaller inner diameter and the penetration velocity eventually 
leveled off; this result is consistent with the increasing radius 
of curvature as the droplet flattens and goes into the capillary. 
We numerically evaluated eq 5 and compared these numeri- 
cally predicted penetration curves (not shown) with the 
penetration curves from the CCD imaging. Although quali- 
tatively similar, the simulated curves exhibited faster penetra- 
tion kinetics than the experimental findings; this discrepancy 
suggested that interfacial energy was dissipated under our 
experimental conditions. According to the measurements 
obtained by the CCD for the 75-pm4.d. capillary, the length 
injected approached 1 mm, an amount that corresponds to a 
volume of roughly 4 nL of injected material. This amount of 
material can represent almost half of typical injections in CE. 
Moreover, these penetration curves show that penetration can 
be a problem even with smaller capillaries, but the kinetics 
are markedly slower. This finding suggests that diffusional 
or convective mixing contributions to spontaneous extraneous 
injection may become more important as the transfer time 
and capillary inner diameter decreases. For longer delay times, 
however, penetration clearly dominates extraneous injection 
by diffusion or convective mixing. 

The ability to form images of the injection kinetics with 
the CCD and video microscopy provides valuable information 
about what occurs before the separation voltage is applied. 
Direct measurements of the peaks resulting from spontaneous 
injection in actual capillary electrophoresis separations are 
crucial, however. By recognizing that extraneous injection 
results from spontaneous fluid displacement, a time-dependent 
process, the idea becomes apparent that differential delay 
time after withdrawing the capillary from the sample and 
reinserting it into the inlet solution can substantially affect 
the amount of the sample droplet that penetrates into the 
capillary. Figure 3b illustrates the effect of differential delay 
time on peak area. Each point is the average peak area from 
a separation of dansylated lysine resulting from a different 
transfer time, and the error bars represent one standard 
deviation. The curve shown is for a 50-pm-i.d., 345-pm-0.d. 
capillary and is qualitatively similar to the shape of the 
penetration kinetics as determined by CCD imaging. 

Figure 4 shows a sequence of electropherograms of three 
dansylated amino acids. Each group of three peaks results 
from a single spontaneous extraneous injection. The only 
difference between them is the length of time between 
transferring the capillary inlet out of the sample solution and 
reinserting it into the buffer reservoir. Figure 4 demonstrates 
that varying the delay time can significantly affect the resulting 
spontaneous injection peak. The separation shown for each 
time delay is a representative run of the mean peak area for 
several identical injections. Mechanistically, once the capillary 
enters the solution, a curved meniscus no longer gives rise to 
a spontaneous penetration from a pressure difference; any 
remaining sample at the entrance will have either diffused 
away or become washed away by the movement of thecapillary 
through the inlet buffer. The main result from Figures 3 and 
4 is that, by inadvertently changing the delay interval, the 
injection contribution from spontaneous fluid displacement 
can change by more than 1 order of magnitude. 

The amount of injection upon contact with the sample is 
controlled by diffusion27 and convection3o and other possible 
reported mechanisms that can result in the mixing of the sample 
with the b ~ f f e r . Q ~ ~  In the experiments with the 75-pm4.d. 
capillaries, less than 10% of the entire possible ubiquitous 
injection occurs before the capillary is removed from the sample 
solution, which amounts to an initial length of - 100 pm and 
a volume of -0.4 nL. These results are consistent with the 
simulations performed by Dose and Guioch0n,2~ in which they 
predicted that 10% of a 1-mm plug penetrates into the column 
in the first 2 s after presentation of a sample that has a slightly 
higher diffusion coefficient than that of fluorescein. Note 
that in these experiments the sample solution was dissolved 
in the same buffer as in the filled capillary. Under these 
conditions, the length of injected sample upon contact with 
the sample never reached 700 pm, as reported previo~sly.~ 

Penetration Kinetics in Ambient Atmosphere. In CE the 
capillary may not be surrounded by an environment saturated 
with water vapor. A similar set of penetration kinetics for 
capillaries held in an ambient atmosphere was quantitatively 
imaged using the CCD system. The experimental conditions 
are identical to those for the saturated environment except 
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Flgure 5. (a) Kinetic curves for spontaneous capillary penetration. 
The capillary is surrounded by an ambient environment. Each curve 
shows the volume of the injection plus as a function of time. Injection 
plugs were quantltated directly from images taken by a scientificgrade 
CCD camera. Shown are prenetration curves for (1) 75-pm-l.d., 343- 
pm-0.d. capillary; (2) 50-pm-i.d., 345-pm-0.d. capillary; and (3) 25- 
pm-i.d., 348-pm-0.d. capillary. Statistics for the maximum injection 
(mean f 1 u): 93 * 3 plxels (n = 3), 7.6 pm/plxel(75-pm-i.d. capillary); 
68 f 6 pixels (n = 3), 10.1 pm/plxei (50-pmi.d. capillary); 47 f 9 
pixels (n = 3), 13.9 pm/plxel(25-pm-l.d. capillary). All other COndItiOns 
the same as in Figure 3. (b) Peak area for dansylated lysine as a 
function of varying the transfer time. (Analysis Is from electrophero- 
grams of spontaneous Injectlon of a mlxture of the three dansylated 
amino ackls described in Figure 4.) Capillaries were surrounded by 
an ambient atmosphere during the transfer. Each point represents the 
mean peak area for a particular transfer time. Error bars represent 
1u (n = 3). 

that the capillary is exposed to ambient air. Shown in Figure 
5a are representative examples of penetration curves for 
spontaneous injection in 7 5 ,  50-, and 25-pm4.d. capillaries. 
As in the experiments with the saturated environment, a similar 
penetration process takes place at early times, but two 
significant and interesting differences are evident. First, the 
length of injection reaches a maximum and then becomes 
smaller in time. This surprising result shows that the injection 
plug slowly compresses into the entrace of the column, and 
the effect can be observed directly with video microscopy. In 
addition, the video images show that as the fluorescein plug 
retreats toward the inlet, it appears to become darker. 
Although direct video observation suggests that the sample 
is becoming concentrated in the inlet end, more rigorous 
experiments are needed to quantitate and elucidate the 
mechanism. Second, the maximum length of injection at the 
peak is lower than it is in a saturated atmosphere. A likely 
explanation is that the droplet volume is being reduced by 
evaporation during the injection. 

Several different control experiments suggest that evapo- 
ration of the buffer is what affects the injection length. By 
positioning sample solution at different distances from the 
inlet of the capillary after injection, the effective vapor pressure 
surrounding the capillary and droplet is made to vary. At 
distances very close to the inlet, the vapor pressure is high and 
falls off as the distance is increased. We find that the amount 
of injected volume increases when the capillary is closer to the 
surface of the sample solution after injection. Moreover, under 
these conditions, the degree the sample is compressed is 
minimized. Thus by holding the capillary directly above the 
solution, we could obtain penetration curves similar to those 
in the vapor-saturated chamber. In addition, if evaporation 
were occurring, a presure difference would be created, and 
consequently, the outlet buffer would be drawn into the 
capillary. To test this idea, the outlet capillary end was imaged 
during the delay time. When the inlet end was held in ambient 
conditions, fluorescein in the outlet vial entered and filled the 
entire end of the imaged part of the capillary. The same test 
was performed with the inlet held in a saturated chamber. 
Only a negligible amount of the fluorescein was observed to 
enter, as expected by diffusion. 

Figure 5b illustrates the effect of differential delay time 
on peak area when the capillary is held in an ambient 
atmosphere. Again, each point is the average peak area that 
results from a separation of dansylated lysine resulting from 
a different transfer time. As was evidenced by direct CCD 
imaging, the trend in the peak area shows that the injection 
volume grows in size, reaches a maximum, and then decreases 
as a function of delay time. Similarly, Figure 6 shows a series 
of electropherograms of three dansylated amino acids, each 
differing only in the delay time between withdrawing the 
capillary and reinserting it into the inlet buffer reservoir. A 
similar trend in peak height is apparent. 

To summarize the results, Figure 7 directly compares 
spontaneous injection between saturated and ambient condi- 
tions and between CCD imaging and peak area analysis. Figure 
7a compares the length of injection (converted to a volume) 
meaured with the CCD, and Figure 7b compares peak areas 
using 50-pm-i.d., 345-pm-0.d. capillaries. These results show 
that variations in the vapor pressure of water surrounding the 
capillary can lead to injection lengths that differ by more than 
1 order of magnitude if care is not taken to prevent buffer loss 
from the front end of the capillary. As in the saturated 
environment, differing transfer times also lead to errors in 
peak quantitation. Thus, exposure to ambient air adds an 
extra level of complexity to that of the two competing effects, 
spontaneous penetration and buffer loss (samplecompression). 

It is interesting that the trends in peak area are remarkably 
similar to the penetration curves as measured from direct 
CCD imaging of the plug length. If the sample were simply 
becoming concentrated in the end of the column, then the 
peak areas would increase and level off as in the experiments 
performed in the saturated atmosphere; furthermore, peak 
heights would be expected to increase at each delay time. In 
contrast, the decreasing peak areas and heights show that 
considerable sample loss occurs during some stage of the 
injection process under ambient conditions. 

Several mechanisms for sample loss as a function of 
reinserting the capillary into the inlet solution have been 
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Flgure 7. Comparison between spontaneous extraneous injection for 
delay tlmes in (1) saturated and (2) ambient atmosphere. Shown are 
(a) injecth lengths as determined by CCD measurements and (b) 
peak areas from CE separations. Both sets of curves are for a 50- 
pml.d., 345-pm-0.d. fused silica capillaw. Condltlons are identical to 
those in Figures 3-6. 

thoroughly discussed by Dose and G ~ i o c h o n . ~ ~  One scenario 
is that as the column is reinserted into the solution, rapid 
outward diffusion occurs. From these results, we can predict 
that if the sample were actually concentrated at the entrance, 
then theconcentration profile would be steeper in the saturated 
conditions, thus causing an even greater loss from the column. 
Another scenario is that sample simply flows out the column 
by inadvertent flow. Although inadvertent hydrodynamic 
outflow may have occurred in these experiments, it is less 
likely because care was taken in positioning the inlet and outlet 
reservoirs. Other potential mechanisms based on convective 

outflow30 or Marangoni mixingala are possible, and prece- 
dence is found in the literature for them. The salient message 
is that when the capillary is transferred in ambient air, 
compression of the injection plug occurs at long delay times 
and loss of sample can result. This conclusion further 
emphasizes the need to control such factors as inadvertent 
hydrodynamic flow and outward diffusion by reducing the 
delay times between reinserting the capillary into the inlet 
reservoir and applying the voltage. 

The consequences of the sample plug’s becoming com- 
pressed into the end of the capillary are serious when longer 
than normal delay times occur. We have been exploring the 
possibility of performing chemical derivatization in the 
entrance of the column.” In some instances, the derivatization 
reaction is allowed to proceed for several minutes. Allowing 
the capillary to be exposed to air be problematic in that variable 
amounts of sample can be lost from the column when it is 
replaced in the inlet solution. Furthermore, this effect should 
be taken into account in experiments in which the capillary 
is manipulated for direct cellular sampling or for microinjection 
onto the column-scenarios that may require longer than usual 
delay times. Finally, in working with minute samples, such 
as single synaptic vesicles that have volumes of attoliters or 
less, extreme care must be taken after the sample is injected 
onto the column to avoid loss. 

Effect of Delay Time on Gravity Injections. The magnitude 
of the effect of spontaneous capillary penetration on actual 
injections in CE depends on the length of the injection. 
Obviously, the volume of the extraneous injection makes up 
a larger fraction of a narrow zone than it does of a broader 
one. Figure 8 is a demonstration of the effect of spontaneous 
capillary penetration for two different transfer times on a 4-s 
gravity injection during which the sample is elevated 3.8 cm 
above the outlet. The capillary is held directly above the 
sample droplet so that it is in a nearly saturated environment. 
The peaks shown are representative of several runs for each 
delay time. The average peak area increases by a factor of 
2 when the delay time changes from 1 to 10 s. Such a variation 
in peak area would lead to poor quantitative accuracy and 
precison. A typical injection penetration curve (Figure 3) 
shows fast kinetics in the initial portion of the curve and slower 
penetration velocities as the curve levels off. If the delay time 
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Flgue 8. Effect of spontaneous capillary displacement on a 4 s  gravity 
lnjectlon. The sample Is heM 3.8 cm above the outlet solution. Shown 
are electropherograms of -0.5 mM (1) dansyllyslne, (2) dansytbyptophan, 
and (3) dansylalanlne that dlffer only In the transfer time between 
Injecting the sample and reinserting the capillary In the Inlet reservoir. 
Transfer times are (a) 1 s and (b) 10 s. Several runs were performed, 
and the electropherogram shown Is representative of the mean peak 
area for the dansylated lyslne peak. Peak area statlstlcs (mean f 1 a): 
0.29 f 0.01 (n = 3), 1-s transfer delay: 0.15 * 0.02 (n = 3), 10-s 
transfer delay. Separation capillary, 75-pm 1.d. X 62 cm (27 cm to 
detector): buffer, 15 mM phosphate, pH 8.9: 16kV voltage. 

is increased such that it merely extends further into the slow 
portion of the penetration curve, only a minimal additional 
contribution from spontaneous fluid displacement on the 
gravity injection results. When a similar experiment is 
performed under ambient conditions, however, investigation 
by CCD imaging and peak area analysis reveals that long 
delay times (>60 s) result in a significant reduction in injection 
length and loss in peak area. For shorter delay times (<20 
s), a variation in peak area analogous to that found under 
saturated conditions is predicted from findings shown in 
Figures 5 and 6. Results from gravity injections carried out 
in both saturated and ambient environments suggest that 
reproducibility for small injections can be improved by 
maintaining constant delay time after each injection. 

Minimizing Spontaneous Injection. Our results indicate 
that a main contribution to the extraneous injection in 7 5 ,  
50-, and 25-pm-i.d., - 345-pm-0.d. capillaries is from spon- 
taneous fluid displacement. Consequently, several approaches 
for dramatically minimizing this extraneous injection are now 
possible. Minimizing the volume of the droplet, lowering the 
interfacial pressure difference by decreasing the curved surface, 
or providing a counteracting back pressure all act to decrease 
penetration. As indicated in eq 5 ,  when the outlet reservoir 
is raised above the inlet reservoir, a back pressure, pgh, from 
the gravitational weight of the water results in slowing the 
penetration process. In fact, we found that by raising the 
outlet by 18 cm, no detectable injection was observed, either 
during initial contact or after the capillary was removed from 
the sample. In addition, we found that introducing a 1-cm 
height difference minimized penetration of sample during the 
initial contact. This result is in contrast to previous findingsg 
that even in the presence of a 5-cm height difference, significant 
injection occurred upon initial contact with the sample. 

Another approach is to reduce the droplet volume by 
reducing the outer diameter of the capillary. Because the 

droplet spans entirely across the end surface of the capillary, 
the size of the droplet is defined by the morphology (and size) 
of the outer diameter of the capillary. Any reductions in the 
outer diameter will significantly minimize the size of the droplet 
that forms. Figure 9 illustrates the effect of etching the outer 
diameter of the capillary to - 110-120 pm with hydrofluoric 
acid. These video images show a reduction in the amount of 
sample penetration after the etched capillary is removed from 
the solution. The slightly jagged end of the etched capillary 
may have helped in reducing the effective surface for droplet 
attachment. As evidenced, most of the injection occurred 
during the initial contact. Representative separations com- 
paring untreated and etched capillaries are shown in Figure 
10. A reduction in the amount of spontaneous extraneous 
injection by as much as - 12-fold can be achieved by etching 
the capillary. In each set of runs, the time delay before the 
etched capillary is reinserted into the inlet vial is 10 s. By 
minimizing the formation of a curved meniscus at the inlet 
end of the capillary, there should be comparatively no 
dependence on the delay time. Indeed, Figure 1 1 shows little 
difference in amount injected by changing the delay from 2 
to 10 s for an etched capillary. Alternatively, to show that 
a reduction in injection length can be achieved with a smoother, 
less jagged surface, we tested well-cleaved, thin-walled 
capillaries that maintain the same inner diameter but have 
smaller outer diameters. Fromvideo and CCD imaging data, 
a reduction by -7-fold in the length of spontaneous injection 
was found with commercially available thin-walled capillaries 
(131-pm o.d., 52-pm i.d.). These data suggent that the use 
of etched capillaries or thin-walled capillaries will improve 
reproducibility and separation efficiencies. 

As discussed earlier, methods that change the wettability 
of the surface can also affect the degree of extraneous 
penetration by affecting the volume of the droplet reservoir 
that adheres to the end surface. One approach is to make the 
outside surface of thecapillary more hydrophobic, which makes 
it more difficult for the solution to wet to the surface and can 
reduce the droplet size. Some silanized capillaries did result 
in a slight reduction of peak areas (-2-fold) for the 
spontaneous injection, and this conclusion was qualitatively 
confirmed by observing a smaller droplet at the end of the 
capillary with video imaging. We found it difficult, however, 
to make reproducible reduced droplet volumes with the 
silanization procedure used in these studies. The other 
possibility is to lower the apparent contact angle by adding 
surfactant to the sample, which has the effect of increasing 
surface wetting by inducing greater spreading onto the sides 
of the capillaries, as described by AdamsonaM Again, the 
reservoir volume is reduced but from a different mechanism, 
that of the droplet spreading onto the outside surface of the 
capillary. As an example, we found spreading to occur when 
sodium dodecyl sulfate (SDS) (Life Technologies Inc., 
Gaithersburg, MD) was added to the sample (solution was 
50% in SDS). In general, it is important to understand the 
surface wettability with respect to both the sample and buffer 
solution for controlling spontaneous injection. 

(49) Ruckenstein, E.; Such, D. G.; Smigelschi, 0. In Modern Approaches to Wef- 
tability: Theory and Applications; Schrader, M. E., Loeb, G., Eds.; Plenum: 
New York, 1992; pp 319422. 
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Figure 9. Video images showing the inlet end of a 75-pm-i.d., 343-pm-0.d. capillary that has been etched down to - 130-pm 0.d. with hydrofluoric 
acid (0.1 M) and then silanated: (a) insertion into solution, (b) contact with sample immediately before solution breakage, and (c) - 10 s after 
leaving solution. 
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Flgure 10. Electropherogram comparing spontaneous extraneous 
injection in an (a) untreated and (b) etched capillary. Separation of - 0.5 mM (1) dansyiiysine, (2) dansyltryptophan, and (3) dansylalanine. 
Separation capillary, 75 pm i.d. X 62 cm (27 cm to detector); buffer, 
15 mM phosphate, pH 8.9. 

CONCLUSION 
We have identified that spontaneous fluid displacement 

resulting from an interfacial pressure difference is a main 
cause for extraneous injection in 25-, 50-, and 75-pm-i.d., - 345-pm-0.d. fused silica capillaries. By characterizing this 
mechanism, we have discovered new parameters that must be 
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Figure 11. Comparison of different delay times between injection and 
reinsertion into the inlet vial for etched column: (a) 2- and (b) 10-s 
delay before reinsertion. Ail conditions are the same as in Figure 10. 

controlled to achieve small injections in a quantitative manner. 
These parameters include precise timing between withdrawing 
the capillary from the sample and reinserting it into the inlet 
reservoir, constant vapor pressure surrounding the capillary 
during the transfer time, and reproducible surface wettability 
and morphology of the capillary walls at the inlet. Consid- 
eration of these results is essential when claims are made for 
high-sensitivity mass analysis, particularly in 360-pm-0.d. and 
larger capillaries. Extreme care must be taken with long delay 
times to prevent significant loss of buffer from the end of the 
column and compression of the sample. Because this effect 
can lead to sample losses, it is important to consider for 
applications such as on-column derivatization20 and single- 
cell analysis. Finally, we have developed several methods to 
minimize spontaneous injection including etching the outer 
diameter of the capillary inlet, using a thin-walled capillary, 
and manipulating the wettability of the surface at the inlet. 
Whichever strategy is implemented, the reduction in the 
extraneous injection should lead to better separation efficiency 
and to more precise quantitation for ultramicrosampling in 
capillary electrophoresis. 
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