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Abstract

Capillary electrophoresis (CE) has attracted much attention in separation and
microchemical analysis. Laser induced post column fluorescence detection in a sheath flow
cuvette is the most sensitive method of detection for CE. Counting analyte molecules in a
high efficiency separation system, one of the ultimate goals in analytical chemistry,
becomes a reality with an inexpensive 8 mW He-Ne laser and appropriate optical design for
coilection and detection of fluorescent signals. After the average signal level from one
molecule is determined and appropriate threshold is set, the number of fluorescent
molecules flowing through the capillary can be determined by counting the signal peaks
above the threshold.

Using a 1 mW He-Ne laser operating at 543.5 nm as the excitation source, a photon
counter with cooled PMT as the fluorescence detector, and appropriate digital signal
processing, a detection limit of 50 yoctomole (30 molecules, 1 yoctomole = 1x1024 mole)
of rhodamine 6G is obtained. This was the state of the art detection limit in CE in 1991.
Zeptomole (10"2'mole) detection limits are obtained with a simple PMT operating at room
temperature. An Ar" laser gives similar detection limits for fluorescein in the same CE
system. The very high sensitivity makes this a suitable detector for high speed DNA
sequencing by capillary gel electrophoresis. Combining the color encoded base recognition
introduced by Smith et al ., and the peak height encoded base recognition by Richardson
and Tabor, a color and peak height encoded DNA sequencing technique is developed.
Sequencing is achieved by using two lasers focused on two separate spots at the end of the
capillary; each laser excites a different group of fluorescent dye labeled, peak height
encoded DNA segments. Fluorescence is collected in two spectral channels, and the bases
are determined by the color and height of the peaks. Less dependence on resolution,

simpler data processing and more accurate base recognition are achieved.
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Chapter 1 Introduction to Open Tubular Eiectrophecresis

Electrophoresis is the movement of suspended particles or molecules through a
fluid or gel under the electric field applied to electrodes in contact with the suspension. Ifa
mixture of dissolved substances is to be separated by electrophoresis, the ideal situation
after the separation would be a procession of adjoining zones[1], each zone representing a
pure component. Any attempt to achieve zone separation by this electrophoresis technique
will be confounded by the onset of convection. According to Poiseuille’s law, the pressure
required to force a liquid through a capillary tube at a given velocity increases greatly as the
radius of the tube decreases. Therefore convection can be supressed by using a small bore
capillary or using stablizing media like cellulose or gels, and zone electrophoresis can be
achieved.

Electrophoresis on slab gels is the most successful and most widely used separation
method in protein and polynucleotide analysis. In conventional slab gel electrophoresis,
proteins and polynucleotides are separated on gel coated sheets of glass. Although high
quality separations are performed by gel electrophoresis, the separation is limited by the
relatively poor cooling properties of the glass plate. Open tubular electrophoresis was first
described in 1967[2] by Hjerten; the experiment was performed in a quartz tube of
3x7.8x360 mm. Open tubular capillary electrophoresis for zone separation of substances
was described by Everaerts in 1970{3] and the power of this technique has been
extensively demonstrated since the late 1970s and the early 1980s[4-8].

The number of research articles, with “capillary” AND"* “electrophoresis” in their
tiles and abstracts, collected by Chemical Abstracts each year since 1966 is shown in
Fig.1.1. Although not all of the papers on capillary electrophoresis can be found in this
search strategy, the graph does show the trend of the development in this field. Before

* AND is a logic operator.



1970, the term capillaries usually refers to the microbores in the anticonvection media, and
the papers dealing with real open tubular CE start to appear in 1970. By now in 1992, the
power of this technique has attracted much attention in separation and microchemical

analysis with its superior separation efficiency and small amount of sample required for

analysis.
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Fig. 1.1 Number of papers related to capillary electrophoresis published and collected in

Chemical Abstracts in each year since 1966.

Open tubular capillary electrophoresis includes two kinds of methods: open tubular
capillary electrophoresis{4, 5, 9] and micellar electrokinetic capillary chromatography{4, 5,
9]. Micellar electrokinetic capillary chromatography can be viewed as a modified method



of capillary free zone electrophoresis. They are similar in terms of instrumentations used,
yet quite different in mechanism. These two methods will be discussed in detail later in this

chapter.

1.1 The advantages of capillary electrophoresis compared with

conventional electrophoresis methods

The major limitation in conventional electrophoresis is the temperature rise induced by the
heat generated by passing of ionic current between two electrodes. Joule heating results in
temperature gradients. The subsequent density gradients and convection increase zone
broadening, affect electrophoretic mobilities and can even lead to evaporation or boiling of
solvent. An advantage of capillary tubes is the enhanced heat dissipation relative to the
volume of solution in the tube. The caly route for heat dissipation is via the capillary wall.
Small bore capillaries have large surface area-to-volume ratio and provide more efficient
heat dissipation relative to large scale systems. This enhanced heat dissipation permits the
use of very high electric fields, producing fast, efficient separations.

In addition to the enhanced heat dissipation, there are several other advantages to
the use of capillaries for electrophoresis. First, convection is minimized in narrow tubes.
Convection, of course, leads to mixing of samples and excess band broadening. Second,
the ultrasmall volume flow rate obtainable in capillary electrophoresis permits sampling
from microenvironments like a single cell{ 10-12], and the high sensitivity detectors
developed for this method often have a mass detection limit much lower than any other
method. Third, in capillary electrophoresis, electroosmosis is also important.
Electroosmosis is the flow of solvent in a capillary when a tangential field is applied{13]. It
is often strong enough to cause anions, neutral species, and cations to elute at the same end
of the capillary. This property makes it possible to adapt the detectors that are well
developed from column liquid chromatography.

4



1.2 Open tubular capillary zone electrophoresis

A schematic diagram of a simple system used for capillary zone electrophoresis (CZE) is
shown in Figure 1.1. The main components of this system include two electrodes, a fused
silica capillary, a high voltage power supply and a detector. The injection end of the
system is confined in a Plexiglas box equiped with a safty interlock. The detector can be
on column or post column at the end of the capillary. To understand this CZE system, the

following canczpts have to be understood first.

( Capillary )
rFo===---
3 !
1 1
H.V. : :

g;);/:lry ' | ' Detector
[}
1 [_____l \..
= - = =TT - - * Sample or Buffer
Plexigias Box Reservoir .

Ground

Fig. 1.2 Block diagram of a capillary electrophoresis system

1.2.1 Zeta ({) potential

When the capillary wall contacts an ionic solution, e.g. the buffer solution used in CZE,
excess charges are produced by ionization of surface functional groups of the capillary wall
(silanol groups, in the case, of fused silica capillary), these excess charges will lead to

5



different orientations for the molecules at the solid-liquid interface compared with the
molecules in the bulk solution. Figure 1.3a shows the interaction of ions at the solid-liquid
interface in a fused silica capil’. P is an analogy of the inner Helmholtz plane, the
negative charges are formed from the ionization of surface functional groups; OHP
represents the outer Helmholtz plane, which is the stagnant double layer. The diffuse layer
is formed because of the thermal agitation in the solution, which extends from the OHP to
the bulk of the solution{14]. Because the diffuse layer is further away from the surface
charges, this layer is mobile. The sum of the potential differences from OHP to the bulk
solution along the Y axis is defined as the € potential{15], as shown in Fig. 3b. The value
of the { potential is different for different ionic species and for different capillary wall

materials.

1.2.2 Electroosmosis

When an electric field is applied to the capillary along the X axis (Fig. 1.3), the cations
(or, more generally, the counterions of the surface charge) in the diffuse layer will migrate
toward the cathode (or anode, determined by the charge of ions in the diffuse layer).
Because all of the cations are solvated in the diffuse layer, as illustrated in Figure 1.3,
when they move, they will bring along the solvent molecules as well, so the solution in the
capillary moves. This flow of solution induced by counterion movement is called
electroosmosis. The flow rate of electroosmosis is determined by the value of the {
potential, and can be calculated by:

Veo = Meo X E (1.1)
where v, is the electroosmotic flow rate, E is the electric field, and M, 1S the
electroosmosis mobility of a certain ionic species, which is determined by the { potential:

Heo = 2—:? 4 (1.2)

where € is the dielectric constant of the solution and 1 is the viscosity.
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Fig. 1.3 Solid-liquid interface at the wall of capillary in CZE and zeta potential.



1.2.3 The flow profile

The thickness of the electric double layer is determined by the ionic strength of the

electrolyte in the solution, according to Debye-Hiickel theory.

-8
1. __ 310 (cm) (1.3)
K Yionic strength

Where l/x is the thickness of the diffuse layer. For solutions with electrolyte concentration
ranging from 10-2 M to 10-6 M, the double layer will be from 3 to 300 nm in thickness.
Since most of the time the double layer is very thin, the electroosmotic flow usually
originates in the vicinity of the capillary wall. Because there is no stationary phase in the
capillary, the flow profile will be flat, as long as the capillary radius is more than 7 times
the thickness of the double layer{16). The flat flow profile greatly reduces the band

broadening during the separation process. Fig 1.4 shows a illustration of a flat flow profile

in capillary electrophoresis.

l
R

d is the thickness of the diffuse layer

Fig. 1.4 Flat flow profile in CE; the curved part is the double layer, which is usually a few

nanometers in thickness and can be neglected in practice.



1.2.4 Electrophoretic migration
The migration of ions under an electric field in a solution is called electrophoretic

migration. The migration velocity of the ions in electrophoresis is given by:

Vv
vep,zueprzue—Tpc——— (1.4

where W, is the electrophoretic mobility, E is the electric field as defined before, V is the
driving voltage used in electrophoresis, and L_ is the length of capillary.

The time of the electrophoretic migration t_, can also be calculated:
Lo L2
tm (1.5)

Vep = EV
It can be seen that the electrophoretic migration time is proportional to the square of the

length of capillary when the same voltage is applied.

1.2.5 The flow rate in CZE

In capillary zone electrophoresis, both electrophoretic migration and electroosmotic
flow should be considered in the separation process. The velocity of sampie flow from one

end to the other will be determined by:
- (Hep +Heo ) V
L

and the time necessary for the sample to move from one end of the capiilary to the other in

v

(1.6)

this process is:

- L2
t (Hep + Heg) V (1.7)

In these two equations the mobility is a combination of the electrophoretic mobility and the

clectroosmotic mobility. It is clear that, if p, is greater than Hep for every solute, then all

the sample components will be eluted at the same end of the capillary.



1.2.6 Separation efficiency

The band broadening contributed by diffusion during the separation can be

calculated from the Einstein's law of diffusion:
2D ch
(Hep +Heo ) V

where 62 is the variance induced by longitudinal diffusion, D is the diffusion coefficient of

o2=2xDxt=

(1.8)

the solute, and t is the time allowed for the sample to diffuse, which is the retention time of

the sample in CZE.

When diffusion is the dominant factor for band broadening in CZE, which mostly

is the case, the number of theoretical plates can be calculated by:

N=L_.§_=(ucp+lleo)v
o2 2D

(1.9)

where N is the number of theoretical plates. We can see, from equation 1.8, that the
number of theoretical plates is independent of the length of capillary.

Standard methods can also be used to estimate the number of theoretical piates,

N =554 (-t ) (1.10)
Wi

where t, is the retention time for a certain solute and W, 5, is the full peak width at half

height.

1.2.7 Resolution

There are two kinds of flow in capillary zone electrophoresis as discussed before.
Electroosmosis is not specific, the whole solution inside the capillary moves when an
electric field is applied. Ions of different kinds are separated only by the differences in their
electrophoretic migration. The resolution of two solutes in CZE is given by:

R=1 N> '3_: (1.11)
where R is the resolution, N is the average theoretical plates, Av is the difference in the

moving velocity of the two solute zones, and v* is the average zone velocity.
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Substututing equaton (1.6) and (1.9) into equation (1.11), gives:
v___h
D (H*ep + Heo )|

R=182 ( Hep.1 - Hep2 ) (1.12)

where [, and i, 2 are the electrophoretic mobilities for the two solutes and p¥*,; is the
average electrophoretic mobility.

The resolution can also be estimated by the same equation in chromotography:

R = 1 ~tr2 (1.13)
%(Wﬁwz)

where t, ; and t, ; are the retention times for solute 1 and solute 2 respectively, W, and W,

are the base-line peak-widths in unit of time.

1.2.8 Discussion

For a separation technique, it is highly desirable that the instrument has a high
number of theoretical plates, high resolution and a short time for separation. Equation
(1.6) shows that the time will be shorter with higher electrophoresis voltage and a shorter
capillary; equation (1.8) shows that the number of theoretical plates will be higher when
higher voltage is applied and is independent of the capillary length; and equation (1.11)
shows that the resolution is proportional to the square root of the separation voltage. From
these statements it can be concluded that, theoretically, a short capillary plus high voltage
will produce an extremely goo. separation efficiency. However, there are some practical
limitations that have to be considered. The electrical heating and the establishment of a
parabolic temperature gradient across the tube are the principal limitations to the use of high
voltages and short capillaries. The ability of the capillary to dissipate the heat, which is

generated by passing of electrical current per unit length of the capillary, is given by{17]:
P _12VZKC (1.14)
LT

where P is the power generated by the electrical current, L is the capillary length, K and C

11



are the molar conductance and concentration of the buffer solution, respectively, r is the
radius of the capillary, and V is the voltage applied in electrophoresis.

This equation shows that better heat dissipation requires longer length capillary with
a smaller radius, lower ionic strength, and lower applied voltage. Many conditions have to
be considered when choosing a suitable length of capillary and voltage for electrophoresis
regarding the separation time, separation efficiency and heat dissipation.

On the other hand, using capillaries with smaller radius is often advantageous in
CZE. The parabolic temperature gradient is minimized because of the diffusion of the
solute across the small cross section of capillary tube; the medium is stabilized against

convective flow by the wall effect, and the heat dissipation is enhanced due to the increased

surface-to-volume rato.

1.3 Micellar electrokinetic capillary chromatography

Micellar electrokinetic capillary chromatography (MECC) is a modified technigue of
capillary zone electrophoresisi18, 19]. In CZE, neutral molecules can not be separated
because their electrophoretic mobility is zero in an electric field. Adding micellae into the
systemn offers a pseudostationary phase in the capillary tube, which allows the neutral
molecules to be separated due to the differential distribution of the different neutral
molecules in the added micellar phase. In addition, because surfactant is added to the
system, there is less chance of solute being adsorbed on the capillary wall, tailing in some
analyte peaks can be reduced.

1.3.1 The principle of MECC

Adding surfactant into the buffer solution used in capillary zone electrophoresis is

an important modification to CZE. The separation of neutral molecules is realized while the

12



advantages of the CZE format[18-20] is retained. When the concentration of the ionic
surfactant added exceeds the critical micelle concentration (cmc), the monomers of
surfactant form roughly spherical aggregates called micellac. Usually the hydrophobic tails
of these surfactants orient toward the centre of the micelle with the charged heads pointing
toward the surface. If more surfactant is added, there will be more micellae formed, while
the concentration of monomer remains at about cmec.

The surfactant mostly used in MECC is sodium dodecyl sulfate (SDS), which is an
anionic surfactant. After SDS is added into the buffer solution, two phases exist inside the
capillary: one is the aqueous phase, the other is micellar phase. Because of the crientation
of the surfactant molecules, the surfaces of the SDS micellae have a large negative net
charge. Under the electric field, these micellae have a large electrophoretic mobility toward
the anode. At the same time, most aqueous buffer soluions have strong electroosmotic
flow toward the cathode. Usually, the magnitude of the electroosmotic mobility of the
solution is higher than electrophoretic mobility of the micellae, so the micellae will still
move toward the cathode, but with a slower flow rate. The rreutral molecules will partition
between the two phases, and they can be separated if their solubility in the micellar phase is
different. If the solute is more soluble in the micelle, it moves slower due to the longer
time spent in the micellar phase; if the solute is less soluble in the micellar phase, it moves
faster, for it spends more time in the aqueous phase.

In conventional chromatography, the sample species partition between stationary
phase and mobile phase and the retention of a solute can be described by the retention time
and the capacity factor:

t=(1+k')t (1.15)

and

K=t" (1.16)

where t, is the retention time, ty is the void time, and k' is the capacity factor, which is the

ratio of the total moles of solute in the stationary phase to those in the mobile phase.
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The situation is not the same in MECC, because the solutes parttion between two

mobile phases. For neutral molecules, 1, refers to the elution time for the aqueous part of
the buffer solution, and t, refers to the retention time for the micellae. Equations (1.15) and

(1.16) have to be modified to describe the retention of solutes in MECCX18)-
L= (1+K) 1

PRCRPE

mc

(1.17)

and

K" =—"1":— (1.18)
to(1 ';—)

mcC

where k" is used for capacity factor to emphasize the difference from conventional
chromatography; tg and t,. are the retention times of the aqueous and micelle phases,
respectively. The terms [1+(ty/tnc k") and [1-t/t )] in equatons (1.17) and (1.18)
account for the moving pseudostationary phase. If the tmc 80€S 10 infinity, equation (1.17)
and (1.18) will be the same as the equations used for conventional chromatography. The
parameters ty and t,. can be determined by injecting methanol, which is assumed to be
insoluble in the micellae, and Sudan III, an organic dye which is ¢otally solvated in the
micellar phase.

Resolution in MECC is given by:

Moty K i
R=Nz(@-1)(%2 ) <) (1.19)
ML T+ (2 k)

where a is the selectivity factor (k",/k";), N is the average number of theoretical plates,
and the last term of this equation accounts for the pseudostationary phase. If the t,,is

infinity, equation (1.19) will have the same form as conventional chromatography.
1.3.2 Parameters affecting efficiency in MECC

Based on equations (1.17), (1.18) and (1.19), we can see some factors that could
affect the number of theoretical plates, N, and the resolution, R. Retention time, t,, can be

14



affected through ty and t,,,., by the changes in applied voltage, column dimensions, buffer
concentrations, lemperature. surfaciant concentrations, etc. The voltage, time and other
condidons of sample injeci*on can also affect N.

In addition to the factors mentioned above, the resolution, R, will also be affected
by the selecuvity a, while o is determined by the kind of surfactant used in MECC, and by
the pH of the aqueous buffer solution. The pH determines whether the solute will be
neutral molecules and selectivity « is determined by the partition coefficient of each solute
which has lot to do with the charges the molecules have. In general terms, the total plate
height H for MECC can be given by the expression[21, 22]:

H=Hg + Hs + Hyn + Hyc + Hr (1.20)
where the Hj is the longitudinal diffusion, Hg is the resistance to mass transfer in
pseudostationary phase, Hy , is the resistance to mass transfer in mobile phase
(intermicelle), Hy . is the intracolumn resistance to mass transfer in mobile phase, and Hy
is the thermal dispersion. Van Deemter type plots of plate height versus applied voltage can

be constructed to describe the effects of parameters on separation efficiency.

1.3.3 Discussion

Usually neutral species are separated by HPLC, micellar LC and size exclusion
chromatography (SEC). MECC offers an important alternative for this kind of separation
with superior separation efficiency in very short time. Itis an interesting hybridization of
CZE, HPLC, micellar LC, and SEC. The separation window is determined by tg and ¢,
which means samples start to be eluted from ty, which is the time needed for aqueous
buffer to elute, and end at the time of t,., the time needed for micellae to elute.

MECC also has the ability to separate ionic species. The interaction between iomic
species and micellae can be electrostatic attraction or repulsion and the hydrophobicities of
the solutes. Of course, the same as in CZE, these ionic solutes will also experience
electrophoresis and electroosmosis. The mechanism for the separation of ionic species in

15



MECC is more complicated. MECC has been successfully used for separation of amino

acids and proteines in this research group{23-25].

16



References:

“n KA W N

10.

11.

12.

13.

14.

15.

16.
17.

Haglund, H. and Tiselius, A., Acta Chem. Scand., (1950), 4: p. 957.

Hjerten, S., Chromatsgraphic Reviews, (1967), 9: p. 122.

Everaerts, F.M. and Hoving, K. W.M.L., Sci. Tools, (1970), 17(1): p. 25.
Jorgenson, J.W. and Lukacs, K.D., Anal. Chem., (1981), 53(8): p. 1298.
Jorgenson, J.W. and Lukacs, K.D., Science (Washington, D. C.), (1983),

2227 '521): p. 266.

Kuhr, W.G., Anal. Chem., (1990), 62(12): p. 403R.

Wallingford, R.A. and Ewing, A.G., Adv. Chromatogr. (N. Y.), (1989), 29,
p- L.

Kuhr, W.G. and Monnig, C.A., Anal. Chem, (1992), 64: p. 38SR-407R.
Mikkers, F.E.P., Everaerts, F.M_, and Verheggen, T.P.EM., J. Chromatogr.,
(1979), 169: p. 11.

Wallingford, R.A. and Ewing, A.G., Anal. Chem., (1987), 59(4): p. 678.
Wallingford, R.A. and Ewing, A.G., Anal. Chem., (1988), 60: p. 1972.
Ewing, A.G., Wallingford, R.A., and Olefirowicz, T.M., Anal. Chem., (1989),
61(4): p. 292A.

Rice, C.L. and Whitehead, R., The Journal of Physical Chemistry, (1965),
69(11): p. 4017.

Bard, A.J. and Faulkner, L.R., Electrochemical Methods. 1980, Jhon Wiley, New
York.

Adamson, A.W., Physical Chemistry of Surfaces. 2 ed. 1967, Interscience, New
York, Chapter 4.

Stevens, T.S. and Cortes, H.J., Anal. Chem., (1983), 55: p. 1365.

Lukacs, K.D. and Jorgenson, JW., J. High Resolut. Chromatogr. Chromatogr.
Commun., (1985), 8(8): p. 407.

17



18.

20.
21.
22.
23.
24.
25.

Terabe, S., Otsuka, K., Ichikawa, K., Tsuchiya, A., and Ando. T.. Anal.. Chem..
(1984), 56(1): p. 111.

Burton, D.E., Sepaniak, M.J., and Maskarinec, M.P., J. Chromatogr. Sci.,
(1986), 24(8): p. 347.

Terabe, S., Otsuka, k., and Ando, T., Anal. Chem., 1985. 57: p. 834.
Foley, J.P., Anal. Chem., {1990), 62, 1302 .

Sepaniak, M.J. and Cole, R.O., Anal. Chem., (1987), 59(3): p. 472.
Waldron, K.C. and Dovichi, N.J., Anal. Chem., (1992), 64: p. 1396.

Zhao, 1.Y., Chen, D.Y., and Dovichi, N.J., J. Chrom., 1992. 608: p- 117.
Zhao, J.Y., Waldron, K.C., Miller, J., Zhang, J.Z., Harke, H., and Dovichi,
N.J., J. Chrom., 1992. 608: p. 239.

18



Chapter 2. High Sensitivity Fluorescence Detectors®

The ultrasmall sample volume used in capillary electrophoresis requires high
sensitivity detectors. Different kinds of detectors can be employed for this purpose. Mass
spectrometry| 1, 2}, elecrochemistry[3-5], UV-Visible absorbance [6, 7], radioactive
isotopes|[8], laser induced thermo-optical absorbance techniques{9-12] and laser induced
fluorescence[13-15] are among the most often used detection methods.

Laser induced fluorescence is particularly interesting because the detection
sensitivity extends to near the single molecule level in favorable cases. A detection limit of
10-21 mole has been reported for amino acids labeled with fluorescein isothiocyanate,
separated by capillary electrophoresis{14]. The high sensitivity detector introduced here is

also a fluorescence detector.

2.1 Low cost, high sensitivity laser induced fluorescence detection

Fluorescence detection is often adapted for use in capillary electrophoresis because
of its high sensitivity. Laser light is most amenable to focusing in small areas, which leads
to very high mass sensitivity for fluorescence detection. Different kinds of lasers, such
as helium cadmium lasers{16-19] and argon ion lasers{14, 20, 21] have been used
extensively by different groups. Some criteria must be met in choosing the laser. First, for
sensitive detection, the laser intensity must be stable, so that the performance of the detector
is only limited by shot noise in the fluorescence signal. Second, the wavelength of the
laser must match the absorbance spectrum of the analyte.

Since most analytes do not fluoresce, labeling the sample with fluorescent dyes is
often necessary. The samples most frequently used in this respect can be different

biochemical molecules like amino acids, peptides, proteins, oligonucleotides and DNA

* Part of this chapter has been published in Journal of Chromatography, 559 (1991) 237-246
19



molecules. Many derivatization strategies have been employed including dansyl
(DNS)[22}, o-phthal-aldehyde (OPA)[23], naphthalenedialdehyde (NDA)([24], fluorescein
isothiocyanate (FITC){25], and fluorescamine[17]. In this chapter, another fluorescent
label, tetramethylrhodamine isothiocyanate (TRITC), will be used as an example in high
sensitivity fluorescence detection.

TRITC, as a fluorescent label, was first used in immunology in 1962[26]. The
maximum absorption of TRITC, with a relatively wide band, is centered at about 555 nm in
water solution, and the maximum fluorescence is centered at about 573 nm. The
absorption and fluorescence spectra have been measured and are shown in Figures 2.1 and
2.2. The absorption spectrum was measured with a UV-Vis spectrophotometer (8451 A
Diode Array Spectrophotometer, Hewlett Packard), and the fluorescence specrum was
measured with a fluorescence detector (Heath), when the sample (TRITC solution} was
excited at the wavelength of 555 nm.

The advantages of TRITC conjugates in immunology studies was demonstrated by
Brandtzaeg in 1977[27]. Anionic-exchange fractions of IgG labeled with FITC, TRITC,
RB200SC, and rhodamine B isothiocyanate (RBITC) were tested on different substrates,
and the resultant fluorescence was evaluated. Conjugations with TRITC were found to be
three times more sensitive than FITC on a molar basis. In addition, there was negligible
fading of emitted light, and negligible tissue autofluorescence at the excitation wavelength.

TRITC has been used to label molecules with molar weight larger than 10,000 in
fluorescence microscopy, but has not been used in amino acid determination at the time of
this study. Using TRITC as a label should have the following advantages:

1) High sensitivity amino acid determinztion.

2) Can be excited by a low cost green He-Ne laser.

3) Might be used in Edman degradation analysis of amino acid sequence in proteins
and peptides.

4) Can be used as a label for DNA segments in DNA sequencing.
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Fig. 2.1 The absorption spectrum of TRITC
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Fig. 2.2 The fluorescence spectrum of TRITC
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Amino acids derivadzed with TRITC have an absorbance maximum at about 555
nm in water solution. Because of the relatively wide absorption band, a low cost 543.5 nm
wavelength He-Ne laser is a good match as an excitation source. Other criteria for
choosing lasers are subtle. Raman scatter from the solvent and spatial mode quality of the
laser need to be considered.

2.1.1 The Detector

A laser induced fluorescence detector (Figure 2.3) consists of a laser, a focusing

lens, a sheath flow cuvette, collection optics, a spectral filter and a photodetector.

Optical design

The design of the system is guided by two principles. First, the instrument should
use the minimum number of components to make it simple and robust. By reducing the
components and by simplifying the instrument design, the cost, reliability, stability and
ease of use for the instrument will be improved. Second, the instrument should be
designed t0 maximize the collection of photons generated by fluorescence while minimizing
the background signal intensity. To collect the maximum fluorescence signal while at the
same time avoiding as much of the excitation source as possible, the collection optics were

designed to be perpendicular to the laser beam.
The Laser

Helium-Neon lasers can be operated at a wavelength of 543.5 nm. The molar
absorptivity of TRITC is quite high at this wavelength, about 82,000 M-Icm-1, although

the maximum absorption occurs at 555 nm. This laser is very stable, relatively low cost,

small in volume, easy to use, and has long lifetime. These properties are highly desirable
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for an excitation source. The detailed information about the laser used in the fluorescence

detector is listed in Table 2.1.

laser

N _

cuvete

U o

lens

N
>
signal
collecton
optics
photodetector

Fig. 2.3 Block diagram of the laser induced fluorsscence detector

Although this laser operates at low power, 0.75 mW, high sensitivity fluorescence

measurements are still possible. The relationship between laser power and fluorescence

signal was discussed before[14]. Even though high power is valuable in fluorescence

measurements, the power and irradiance (Wcm-2) of the beam cannot be increased without

bound. At high irradiance levels, optical saturation and photobleaching become significant.

To avoid these problems, for highly fluorescent dye molecules, the laser irradiance should

be held to a value less than 105 Wem-2 at the sample. In the instrument developed here, the

He-Ne laser produces an irradiance of about 100 Wem-2. This irradiance may not be the
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optimized value, but because of the extremely low background, excellent detection limits

can be obtained.

Table 2.1 Properdes of 0.75 mW He-Ne laser used in the experiment

Manufacturer Melles Griot Model Number 0SLGR173
Wavelength (nm) 543.5 TEMgo Power(mW) | 0.75
Beam Diametermm | 0.75 Beam 0.92
at e-2 points Divergence(Mrad,
full angle)

Beam Amplitude 0.5 Long term 2.5
Noise(%RMS, 0- * Amplitude stability
100 kHz) { (% change in a day)
Polarization Random Electrical Input 2750 Vdc, 6.5 mA
Special Features Hard Sealed

Construction

The sheath flow cuvette

To avoid extra-column band broadening, on-column detection seems to be most
appropriate in capillary electrophoresis. However, fluorescence detection using the
capillary as the detection chamber is difficult. Light scattering generated by the air- column
and column-sample interfaces results in large background signals in fluorescence detection.
This scattered light can be reduced in several ways. First, an obscuration bar can be
introduced in the plane perpendicular to the capillary surface to block much of the scattered
light[28]. Unfortunately, much of the fluorescence will also be blocked by this bar.
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Second, the capillary can be tilted with respect to the laser beam and the detection
optics[29], so that the scattered light is deflected away from the collection optics. Third.,
the capillary can be tilted at Brewster's angle, and a polarized laser beam can be used so
that the scattered light originated at the air-column interface is extnguished[30].
Unfortunately, in each case aberrations will inevitably degrade the fluorescence signal,
because it is necessary to image the fluorescence through the curved capillary wall. In
every case, light scattering originating at the column-sample interface will contribute
significantly to the background fluorescence signal.

Rather than detecting fluorescence directly on the capillary, it is possible to use a
sheath-flow cuvette (Figure 2.4) for fluorescence detection{13]. The capillary is introduced
into a 200 pm square sheath flow chamber constructed from good optical quality quartz. A
sheath stream, provided by a high stability syringe pump, surrounds the sample stream at
the exit of the capillary. The outer diameter of the capillary is 189 pm. At the very low
flow rates employed in electrophoresis, the flow inside the capillary is laminar. The sheath
stream has the same composition as the separation buffer and is connected to electrical
ground to complete the circuit for the electrophoresis. Because the sample and the sheath
have identical composition, no light scatter occurs at their interface, greatly reducing the
background signal. The size of the sample stream is determined by both the relative
volumetric flow rates of the sample and sheath stream[3 1] and the diffusion rate of the

analytes into the sheath stream.
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induced fluorescence detection.



Collection optics

The fluorescence generated from the illuminated sample stream must be collected
with high efficiency, while scattered light reaching the detector must be minimized in order
to obtain optimum detection limits. The fraction of light collected by a lens is related to its

numerical aperture, N.A_, and the refractive index of the surrounding medium, n, and is

given by[14]:

Collection Efficiency = sin? [arcsm (N.A. /n) ]

2

where a collection efficiency of 1 implies that the lens collects all of the photons emitted by

(2.1)

the molecules. Usually, the lens :s surrounded by air and n = 1.0. A lens with a numerical
aperture of 1 will collect half of the light emitted by the sample. The collection efficiency
may also be presented in terms of ray f-number which is equal to 1/(2N.A.). One of the
best systems to obtain high collection efficiency is a microscope objective.

To choose a microscope objective, other conditions regarding the sheath flow
cuvette have to be considered. Fluorescence must be imaged from a small region in the
center of the sheath flow cuvette. However, the cuvette is equipped with relatively thick
windows, typically 2 mm, which requires the use of an objective with a working distance
of greater than 2 mm. Unfortunately, few microscope objectives are designed with both
high numerical aperture and long working distances. The objective chosen had a numerical
aperture of 0.45 and a working distance of 4.2 mm. Collection efficiency is about 5%.
Expensive objectives with higher numerical aperture and the required working distance are
available for optimizing the system in future work.

A pinhole is placed in the image plane of the objective lens to isolate the image of
the illuminated sample region while rejecting light scattered from the cuvette walls. The
size of the pinhole matches the size of the image of the illuminated region. Fora 20 um

diameter sample stream with a 18x objective lens, a pinhole of 400 um in diameter is used.
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If the pinhole is too small, part of the signal will be blocked, yet if the pinhole is too big,
the background may be increased.

Spectral Filter

If the appropriate laser wavelength has been chosen, the fluorescence will have a
minimal spectral overlap with Raman and Raleigh scatter. Either a monochrometer or a
spectral filter may be used to spectrally isolate the fluorescence from the background
scattered signal. A spectral filter is favored in this case for simplicity and high
transmission at the selected wavelength.

Some interference filters are specially designed to allow a weak fluorescence signal
to pass while discriminating an intense background of excitation light. These filters are
designed with six interfering cavities which create a nearly rectangular passband with
extreme out of band rejection. Full band-width at one part per million of transmittance is
merely twice the full width at half height of the maximum transmission. With full-widths at
half-height from 10 to 100 nm, this bandpass profile allows detection of low level signals
within 10 nm from a very strong background. Using these filters, wide emission bands
can be isolated from their excitation source.

The spectral filter used in this detector is a interference filter with a bandpass from
570 10 610 nm, which provides high transmission in this region (>70%). The spectrum of
this filter is shown in Figure 2.5. It was placed between the objective lens and the pinhole
so that the light from the microscope objective converges slowly and produces negligible

deviation in the spectral band pass.
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Fig. 2.5 Spectrum of the interference filter 590DF40.
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Photodetector

At the maximum emission of TRITC and TRITC-amino acid derivatives, about 570
to 580 nm, multi-alkali type photomultiplier tubes produce good results. The
photomultiplier tube chosen for this work was a Hamamatsu R1477. The quantum
efficiency of this tube is about 14% at the wavelength of 575 nm. The quantum efficiency
and cathode radiant sensitivity of the R1477 tube are shown in Figure 2.6; other properties
are listed in Table 2.2.

2.1.2 Experimental section

Electrophoresis

The electrophoresis system is basically the same as systems described in Chapter 1.
A 50 pum inner diameter fused silica capillary (Polymicro Technology) was used fcr
separation. The length of the capillary was 92 cm. A 30KV power supply (Spellman)
was used todrive the electrophoresis. A platinum electrode provided electrical contact
with the eluting buffer at the high-voltage, injection end of the capillary. This end of the
capillary was enclosed within a safety-interlock equipped Plexiglas box. The detector end
of the capillary was inserted into a sheath flow cuvette that was held at ground potential
(see section 2.1.1). The sheath fluid was pumped by a high-pressure syringe pump (Isco)
at a flow rate of 0.5 mL/h. The sample injection was done at 1 KV for 10s. Fora
capillary length of 92 cm, and a retention time of 10 min. and 40 s., the injection volume is
0.94 nL (the calculation of injection volume will be discussed in detail in chapter 3). The

electrophoresis was operated at a 30 KV driving voltage.
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Fig. 2.6 Typical spectral response for R1477 photomultiplier tube --From data sheet.
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Table 2.2 General properties of R1477 photomultiplier tube

Spectral Response 185--900 spectral response peak 450
Range(nm) | wavelength (nm)

Photocathode Material Multialkali i Window Material UV glass
Dynode Structure/No. of | CC/9 ‘ Socket E678-11A
stages

Max. Anode to Cathode 1250 Anode to Cathode Supply 1000
Voltage Voltage (Vdc)

Max. Average Anode 0.1 Cathode Sensitivity Min. 350
Current (mA) Luminous (LA/Im)

Cathode Sensitivity Typ. 375 | Cathode Sensitivity Blue 10.0
Luminous (LA/Im) Typ.(LA/Im-b)

Cathode Sensitivity 0.35 Cathode Sensitivity Radiant | 80
Red/White Ratio Typ. (mA/W)

Anode Sensitivity Min. 1000 | Anode sensitivity Typ. 2000
Luminous (A/lm) Luminous (A/lm)

Anode Sensitivity Radiant | 420000 Current Amplification Typ. | 5300000
Typ. (A/W)

Typ. Anode Dark Current |2 f Max. Anode Dark Current | 50

(after 30 min.) (nA) I (after 30 min.) (nA)

Typ. rise time (ns) 2.2 Typ. Electron Transit Time |22
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Optics

The optical system was constructed on an optical bread board (Melles Griot).
Fluorescence was excited by a 0.75 mW helium-neon laser (GreNe, Melles Griot) with a
wavelength of 543.5 nm. The beam was focused with a 25 mm focal length (5x)
microscope objective (Melles Griot) into the cuvette. Fluorescence was imaged with an
18%, 0.45 numerical aperture (NA) microscope objective (Melles Griot) onto a 400pm
radius pinhole. The collected light was filtered with a 570 to 610 nm band pass
interference filter (Omega Optical) and was detected with a photomultiplier tube
(Hamamatsu). The output signal of the photomultiplier tube was conditioned with a 0.1 s

RC filter and sent to the strip chart recorder.
Alignment of the fluorescence detector

The main idea in aligning the detector is to focus the laser beam exactly at the
sample stream and to ensure that the fluorescence spot is exactly at the working distance of
the microscope objective. To make the work easier, the laser beam and all the centers of
the optical elements were set at a certain height above the optical table.

The arrangement of the optical elements is shown in Figure 2.7. To align the
system, first, the laser beam was reflected by two mirrors and directed to the focusing lens.
Then the 5x microscope objective, acting as a focusing lens, focuses the laser beam onto
the waist of the sample stream. The image of this illuminated spot is then collected by the
microscope objective, which is set at 90° angle to the laser beam. The image is then filtered
by the interference band pass filter to get rid of background. The filtered sample image is
then focused on the pinhole. The dash-lined box in Figure 2.7 represents a black box,
which is used to keep the room light from entering the flucrscence light path. The
objective, filter and pinhole were simply mounted on mirror stands. The cuvette, which
was mounted on an xyz translation stage, was positioned so that the laser beam could pass
through its center at a right angle to the cuvette surface. During alignment, a rhodamine B

34



solution, with a concentration of 8 uM, goes through the capillary. The sheath flow rate is
set at 0.5 mL per hour. When the fluorescence spot is imaged onto the pinhole, the
photomultiplier tube is placed behind the pinhole so that the fluorescence signal passing
through the pinhole can be directed to the window of the PMT.

mirror cuvette

D

lens _— objective

e spectral filter
pinhole

"
e

PMT

laser

mirror

Fig. 2.7 Armrangement of the optical elements
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Because there are very few optical elements that needed to be adjusted in this
system, the system is very stable. In addition, simply by changing the laser and the
spectral filter, the instrument can be used for the determination of other fluorescence
materials.

An alternative alignment strategy was also used to simplify the steps of alignmeni.
At the time of alignment, a small battery powered lamp was slid to a position just behind
the pinhole, at the same time, the light path to the detector window was blocked to protect
the PMT. A microscope was placed on the other side of the cuvette and aligned to be able
to see the image of the pinhole. “¥hen the image of the lamp lit pinhole is clear and
superimposed with the clear image of the fluorescent sample spot, the system is aligned.
The lamp was moved out of the fluorescence light path after the system was aligned, as

illustrated in figure 2.7.

Reagenis

Tetramethyirhodamine-5-isothiocyanate (TRITC, isomer G, from Molecular
Probes) was used to characterize the system. A TRITC solution, 1.6x10-5 M, was
prepared in acetone as a stock solution. The stock solution was diluted with 5 mM borate
buffer, with 10 mM sodium dodecyl sulfate (Aldrich) added in the bu?fer solution, pH =
9.0, to the desired concentration before injection into the capillary. The eluting buffer is
0.5 mM borate buffer, with 10 mM SDS added in the buffer, PH = 9.0, and this solution
will be called the eluting buffer for simplicity through this chapter. For alignment, a
rhodamine B (99%, Aldrich) solution, 7.9x104 M, was also prepared in acetone, and
diluted to the desired concentration with the eluting buffer.

2.1.3 Results and Discussion
A calibration curve for TRITC was done to determine the detection limit. The

injection volume for TRITC solution was 0.94 nL, the concentrations were from
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2.56x10-10 M to 6.40x10-11 M. The slope of the calibration curve is 1.032x10!! mm/M,
or 4.06x10% mV/M, the correlation coefficient is 1.00, and the curve originated from (0,0).
The standard deviation of the background signal, o, is 8.97x10-3 mV, and 30 equals to
2.69x10-2 mV, which was obtained by collecting 100 data points, 1 point per second by a
digital multimeter (195 System DMM, Keithley), when the PMT was operated at 1200 V.
The limit of detection can be calculated by 36/(slope), which is 6.6x10-12 M. For a
injection volume of 0.94 nL, this detection limit corresponds to 3,700 mclecules of
TRITC, which was the best detection limit reported for capillary electrophoresis in 1990.
Further improvement can be expected if the noise level can be reduced, and the
signal-to-noise ratio can also be improved. The limiting noise was found to be the thermal
dark current of the PMT operated at high voltage. This can be improved if a cooling
system is employed to keep the PMT at a low and constant temperature. Other
improvements that could be done include optimizing the position of fluorescence detection,
optimizing the sheath flow rate, ar.d using a capillary with smaller diameter. The next

section will describe detectors with improvement in design and performance.

2.2 Improving detection limits by using a cooled PMT

When the laser power is relatively high, for example, 20 mW to 50 mW, the main
source of noise is scattered laser light, and the noise contributed by dark current is
negligible. However, when a low power laser is used, as the one described in section
2.1, 750 uW, the amount of scattered photons reaching the PMT is very smalil, due to the
excellent optical quality of the sheath flow cuvette combined with appropriate interference
filter which blocked the laser light. In this situation, dark current becomes significant.
There are two problems related to op<rating a PMT at room temperature. First, dark
current increases the background; it is difficult to reach the shot noise limited condition with

a PMT operating at room temperature when a low power laser is used. Second, the current
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flowing through the PMT base causes a temperature rise in the vicinity of the PMT and thus
increases the dark current. Cooling the PMT will reduce the background. The effect of
cooling the PMT on dark current is demonstrated in figure 2.8. The figure shows the

process of cooli::g the PMT from room temperature (about 22°C) to -15°C.

-1 0=

Dark Current {nA)

T
c 10 20 30 40

Time (min)

Fig. 2.8 The effect of cooling a PMT on PMT dark current. Boxh the background and the

noise on the background are reduced.
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2.2.1 Experimental Section

A 10-pum inner diameter, 48 cm long capillary (Polymicro, Arizona, USA) was
used for the separation. The buffer was 5-mM borate (pH 9.0), 10-mM sodium dodecy!
sulfate; SDS was added to eliminate peak tailing in the electropherogram. Samples were
injected electro-kinetically for five seconds at 1 kV potential, corresponding to 30 pL of
sample. The electrophoresis proceeded at a potential of 30,000 V.

2.2.2 Detector

A 0.75 mW helium-neon laser beam (A = 543.5 nm) (Melles Griot, Ontario,
Canada) was focused with a 4x microscope objective about 200-um below the exit of the
capillary in a sheath flow cuvette with a 200-um square flow chamber and 2-mm thick
windows. Fluorescence was collected at right angles with a 18x, 0.45 numerical aperture
objective (Melles Griot) and imaged onto a 0.8-mm diameter pinhole. A. single interference
filter (590 nm center, 40 nm band pass, model 590DF35, Omega Optical, Vermont, USA)
was used to block scattered laser light. Fluorescence was detected with a Hamamatsu
(California, USA) R1477 photomultiplier tube, operated at 1000 V and cooled to -15¢ C
with a Producis for Research (Massachusetts, USA) PMT cooler.

2.2.3 Results and Discussion

In this detector, which is similar to that used in flow cytometry, the sample flows as
a narrow stream in the center of a 200-um square flow chamber, surrounded by a sheath
stream of buffer solution. The high optical quality windows of the cuvette produce at least
two orders of magnitude less light scatter than does an on-column detector. Also, by

transferring the analyte to the moving sheath stream, the linear velocity, and hence the
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illumination time of the analyte, is the same. Keller's group has reported high sensitivity
detection for neat solutions of highly fluorescent dyes [32, 33]. Recently, Keller’s group
has reported, and Mathies® group has confirmed, detection of single phycoervthrin
molecules in neat solution with a single spectral channel fluorescence detector [34, 35).

The argon ion laser (A =488, 514.5 nm) is used by most investigators for
excitation of fluorescence in capillary electrophoresis. However, the laser is rather
expensive (~US$10,000) and requires forced air cooling. An interesting alternative
excitation source for fluorescence excitation is the helium-neor: laser (the so-called GreNe
laser) operating in the green at 543. 5 nm. The laser is low cost (~US$1,000) and features
the same construction as the conventional red helium-neon laser. Six conventional red
helium-neon lasers have been in operation in this laboratory for six to eight years with ne
tube failures; the green helium neon should have similar life-time. The laser produces
quite low output power (0.75 mW) with excellent spatial coherence and good noise
characteristics. Finally, the beam is easily focused to a 10-um radius spot for fluorescence
applications.

Tewamethylrhodamine isothiocyanate (TRIT C) is well suited for application in
laser-induced fluorescence detection. The molecule has molar absorptivity of about 85,000
L mol-! cm-1 at the green helium-neon laser wavelength. Keller reports that the molccuic
has a fluorescence quantum yield of 15% and a photodestruction yield of 5 ¥ “. ' ,ader
conditions of complete photobleaching, the molecule is expected t0 produ-.: at .: 30,000
fluorescent photons, a factor of four greater than the signal produced by ... ..~..cein [34].

A sheath flow cuvette is used as a post-column fluorescence detector to minimize
background light scatter. Further reduction in the background signal comes from the
relarively long excitation wavelength and low power excitation beam (750 UW). With this
detector, the major contribution to background signal was dark current produced by the
photomultiplier tube. This contribution to the background signal is minimized by cooling
the photomultiplier tube to -150C,



The detection limit of this detector for TRITC was determined in a free zone
electrophoresis system. The relative standard deviation (n = 5) in peak height for a
1.28x10-10 M TRITC solution was 10%. Figure 2 presents a zone electropherogram of an
injecton of 4 zmol of analyte corresponding to 2,300 analyte molecules. A linear
calibration curve, r = 0.986, was constructed from 6.4 x 10-11 M t02.56 x 1-i0 M
TRITC. The detection limit, three standard deviations above the background signal, was
300 analyte molecules or 500 yoctomoles (1 yoctomole = 1 ymol = 10-2# mol). Note that
the data were not conditioned beyond that provided by the 0.1 second time-constant filter;
appropriate digital filtering would undoubtedly improve detection performance. Also, use
of a higher power laser would undoubtedly improve detection limits further.

The major components used in the experiment (laser, high voltage power supply,
optical breadboard, sheath flow cuvette, photomﬁltiplier tube power supply, and
photomultiplier tube cooler) have a total cost of about US$8,000. It is possible to construct

a simple, modest cost instrument with excellent analytical performance.
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Fig. 2.9 Capillary free zone electropherogram of 4 zmol (2300 molecules) of
tetramethylrhodamine isothiocyanate.
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2.3 Improving the detection limits by redesigning the sheath flow cuvette
and fluorescence collection system

From equation 2.1, the collection efficiency increases as the numerical aperture
(N.A.) of the microscope objective increases. Table 2.3 lists collection efficiencies[14] for
different N.A. vzlues. However, a larger numerical aperture usually means a shorter
working distance of the objective. For a 2 mm thick cuvette wall, it is hard to find a
micToscope objective with a large N.A. (> 0.45) without significantly increasing the cost.
To be able to use market available low cost , large N.A. objectives, the thickness of the

sheath flow cuvette has 10 be reduced.

Table 2.3 Collection efficiencies of lenses with different numerical apertures[14]

Numerical 0.1 0.2 103 |04 |05 |06 |07 |0.8 0.9 1.0

Aperture

Collection 0.003]0.010{0.023|0.042}0.067}0.100{ 0.140} 0.200} 0.280} 0.500

Efficiency

A new sheath flow cuvette is used in the redesigned fluorescence detector. The
cuvette has 1 mm walls and a 200 um inner chamber, the length of the cuvette is 1 cm. A
60 x, 0.7 N.A. microscope objective (Universe Kogaku (America), Inc., NY, USA) is
used to collect fluorescent light. The working distance for this objective is 1.44 mm, the
distance from the center of the cuvette to the outside of the cuvette wall is 1.1 mm.
Considering the difference in refractive indices between the cuvette wall and air, as
illustrated in Fig. 2.10, working distance is a few hundred micrometers longer for an object
in the center of the cuvette than the working distance for an object exposed in air. Atthe

same time, the solid angle from where the fluorescence is collected may be reduced.
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Fig. 2.10 The difference between the working distances of an microscope objective when
the object is located in different media. (a) Both the objective and the object are in the air.
(b) The objective is in the air, but the object is in another media which has a greater
refractive index than air



The relatively long working distance of the microscope objective makes it easier to
design the detection system and the relatively large numerical aperture makes it possible to

collect more fluorescent light from the illuminated sample.

The detection system

The detection system is similar to the system illustrated in fig. 2.7. The optical
system was constructed on an optical bread board (Melles Griot). A 1.0 mW helium-neon
laser (GreNe, Melles Griot) with a wavelength of 543.5 nm was used instead of the 0.75
mW laser used in Section 2.1.2. The beam was focused with a 25 mm focal length, 5x
microscope objective (Melles Griot) into the cuvette. Fluorescence was imaged by the new
60x, 0.7 numerical aperture microscope objective (Universal Kogaku) onto an iris which
was adjusted so that the fluorescent light is allowed to go through, while the scattered light
is rejected. The collected light was filtered with a 570 to 610 nm band pass interference
filter (Omega Optical) and was detected with a photomultiplier tube (Hamamatsu). The
output signal of the R1477 photomultiplier tube was collected by a photon counter (C1230,
Hamamatsu) and digitized by a Macintosh IIsi computer. The program used to collect data
is written in LabView®, which is a graphic language.

Experimental Section

The electrophoresis is driven by a Spellman CZE1000R high voltage power supply.
4.13x10-3 M rhodamine 6G was prepared in ethanol, then diluted to 4.13x10-1! M by 5
mM borate buffer with 10 mM S.D.S., pH =9.2. The capillary used was 10 um LD., 140
#m O.D., and 40 cm in length. The sheath flow was previously driven by a high-pressure
syringe pump (Isco), but the line of products was discontinued by Isco at the time of
constructing this sheath flow cuvette system. New good quality pumps would cost around

$5,000 to $10,000. An inexpensive alternative was found to drive the buffer sheath. A

45



250 mL wash bottle was filled with buffer solution, the buffer level was set to be a few
centimeters higher then the buffer level in the waste container. Because of the siphon
effect, the sheath buffer will flow through the cuvette by gravity; because it is not step
motor driven, the flow is very smooth, with no pulses which may disturb the fluorescence
signal. The sheath flow rate can be controlled by adjusting the buffer level in the wash
bottle while keeping the buffer levels in the injection vial and waste cell constant. The level

difference was set at 7 cm in this case.

Results and Discussion:

The sample was injected at 500 V for 5 seconds, the electrophoresis was performed
at 30,000 V, and the retention time of TRITC was about 3 minutes. Fig. 2.11 shows
electropherograms of repeated injections of 400 molecules of rhodamine 6G into a capillary
(the first electropherogram is a blank). The detection limits can be calculated by a equation
often used in chromatography [36] and well suited in capillary electrophoresis®:

Crob = KpophnCy/hs (2.2)
where C| o is the concentration detecticn limit, K, ., is a constant determined by the
length of time of the electropi: igram and the full width at half height of the analyte peak,
h,, is the largest noise fluctuation (either positive or negative) observed in the piece of
electropherogram interested, and h /C; is the analyte peak height per unit amount of
analyte.

* This equation is derived from an extension of the Bienayme-Tchebycheff inequality. The Bienayme-
Tchebycheff inequality, P,(Ih,! 2 ks,) < 1/k2, states chat the probability (P,) that a flucwuation () exceeds
the standard deviation (s,) by a factor of k is not greaier than 1/k2. This relationship applies to all
fluctuations, since no assumptions about the distribution of the fluctuations underlie its deviation.
However, the maximum values of the probability predicted by commonly used distribution functions. A
relationship that better approximaies such distributions is the Camp-Meidell extension of the Bienayme-
Tchebycheff inequality, P,(lh,! 2 ks,) < 4/9k2. It inroduces only the following restrictions: Thay the
noise distribution be unimodal, i.e., that it be a monotonically decreasing function on both sides of its one
mode, and that assumptions be made about the predominance of large deflections on cither side of the
baseline. This latter assumption, which implies that noise distribution's mode corresponds 1o the baseline,
is one that is often made when listle is known about the nature of the noise distribution. Equation 2.2 is
derived from this extension of the inequality[{36].
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Fig. 2.11 Electropherograms of repeated injections of 300 molecules of rhodamine 6G into
a capillary.

47




Some values of the constant K| o, are listed in table 2.4. The electropherograms show that
the rhodamine 6G peaks are very sharp, the full width at half height is usually 0.5 seconds
or shorter. Data was collected for more than 220 seconds, so Krop for N=100 is used,
where N is the length of the electropherogram (220 s) divided by the FWHM (0.5). The
capillary volume is 33 nL and the injection volume is about 16 pL. Assuming each
injection injects 400 molecules (the actual amount may vary because of sampling error), the

detection limit is around 60 molecules.

Table 2.4 Some values of the constant K1 0D at different N* values

N 10 20 50 100

(Kpop 1.9718 1.4309 0.9194 0.6536

*N is obtained by using the length of the electropherogram divided by the full width at half
height of the analyte peak.

Since the data was collected in the digital form by a computer, digital signal
processing like smoothing, Fourier transform low pass filtering, or time domain filtering
can be easily performed. Figure 2.12 shows one of the electrophercgrams from Fig. 2.11,
and the results of binomial smoothing operations. Electropherogram (a) is the raw data, the
detection limit is 59 molecules, electropherogram (b) is the result of 3 times smoothing, the
detection limit is 42 molecules, and electropherogram (c) is the result of 5 times smoothing,
the detection limit is 40 molecules.

With the help of Fourier transform, it is possible to transform a time domain data to
frequency domain. Figure 2.13 shows the real part of a Fast Fourier transform of the same

electropherogram.
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Fig. 2.12 (a) one of the electropherograms in Fig. 11, (b) the results of 3 times binomial

smoothing, and (c) the results of 5 times binomial smoothing.
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Fig. 2.13 The reai part of a Fast Fourier transform of the same electropherogram as Fig.

2.12 (a).
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From the Fourier transform of the time domain data shown in Fig. 2.13, the noise
characteristics can be determined. In this case, the signal peak mainly contributes to the
lower frequency part of the ransform result. At frequencies above 1 Hz, there appears to
be some noise added to the signal. When the frequency is higher than 2 Hz, the
components are mainly noise. With the help of Fourier transform, appropriate digital filters
can be designed for different data so that most noise can be rejected in the frequency
domain while reserving as much signal component as possible. Because the signal
components are mainly at low frequency, the filter is designed to start at 1 Hz with an order
of 2, which means the filtering function is gradually reduced to zero. The difference
among low pass filters with different orders of filtering is shown in fig. 2.14. The smaller
slome in the filter will allow the signal components higher than 1 Hz to pass through the
filter while gradually cutting off the noise components at higher frequency. Lower order
filtering also avoids side lobes caused by truncation of the transformed data.

T ‘ |
3 i |
2 I order = 2 i
g
< I I
i |
I order = 20 I
0] —
Fc Fs
Frequency

Fig. 2.14 A..illu _ation of a low pass frequency domain digital filter, Fs is the sampling
frequency and Fc is the cut off frequency of the filter.
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Figure 2.15 shows the effect of Fourier transform low pass filtering. Fig 2.15 (a)
shows the same electropherogram as Fig. 2.13 (a), the detection limit is 59 molecules; Fig.
2.15 (b) shows the filtered electropherogram, the cut off frequency of the filter equals to 1
Hz, and the order equals to 2, the detection limit for the filtered data is 40 molecules.

Another way of digital signal processing is Savitzky-Golay type time domain
filtering. The correiation® of two signals is equivalent (o multplication of their Fourier
transforms. Therefore, correlating the elecropherogram to a Gaussian shaped function
gives a time domain filtering, which is equivalent to a perfectly designed filter in the
frequency domain of the Fourier transform provided the Gaussian function has a the same
standard deviation as the signal peaks. Figure 2.16 shows an example of designing a
Savitzky-Golay time domain filter. Fig. 2.16 (a) shows a normalized peak from an
electropherogram; Fig. 2.16 (b) shows a Gaussian shaped filter function, with the standard
deviation adjusted so that the shape of the filter is very close to the real signal response.
Using this class of filters gives the best results in digital signal processing, as illustrated in
Fig. 2.17. Another electropherogram is used in this figure: Fig. 2.17 (a) is the raw data,
the detection limit is 53 molecules; Fig. 2.17 (b) is the resuliant electropherogram from time
domain filtering by a Gaussian shaped filter, the detection limit is 32 molecules. With this
system, both thodamine 6G and tetramethylrhodamine isothiocyanate were tested; the
detection limits were around 30 molecules of injected sample. These were the best
detection limits in the history of capillary electrophoresis in 1991. With the new sheath
flow cuvette, better microscope objective, more powerful laser and digital signal

* Correlation is the relationship between a signal and a delayed version of another (or the same) signal. If
Vl(t)isomfunctionandVZ(t)isanomerfumjon,tisavariabledclay, for cross correlation:
+T
Ci2(=Jim L | wvi0) Vaet)dt 2.3
1.2(7) Tl"“'ZTL 1(t) V( (2.3)
and for autocorrelation:
T
Cri(m=ldim L { vioViend 2.4
11(%) 1”~-er (1) Vi( (2.4)

-T
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Fig. 2.15 The effect of Fourier transform low pass filtering. (a) raw data, (b) filtered data
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(a) (b)

Fig. 2.16 (a) a normalized peak from an electropherogram; (b) a Gaussian shaped filter
function, with the standard deviation adjusted so that the shape of the filter is very close to

the real signal response. The standard Gaussian function is:
PG(x.1,0) = —l— e p[ l( “)2 | (2.5)

It is a continuous function describing the probability that from a parent distribution with a
mean | and a standard deviation G, the value of a random observation would be x. The

shape of the Gaussian can be adjusted to mach the shape of the responding function of the
signal .
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Fig. 2.17 Comparison of the original electrophercgram and the resultant electropherogram
after 2 Gaussian shaped time domain filter. (a) is the raw data, the detection limit is 53
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molecules; Fig. 2.17 (b) is the resultant electropherogram from time domain filtering by a
Gaussian shaped filter, the detection limit is 32 molecules. The horizontal axis is time in

min., and the vertical axis is number of photons.

35



processing, the detection limits have been improved by a factor of 10 compared to the

previous results.

2.4 Detection of singie fluorescent molecules in capillary electrophoresis

Fluorescent signal is proportional to the laser pOwer to a certain extent. Since the
power of the Gre-Ne laser is relatively low (1 mW was the highest power laser
commercially available in 1991), scattered light is not the determining noise. Reducing
dark current by cooling the PMT improved the detection limits in fluorescence detection. In
order to improve the detection limits further in this sheath flow cuvette system, a more
powerful laser has to be used. The properties of the fluorescent dye also need to be
considered so that the laser chosen has a wavelength matching or close to the maximum
absorption of the dye. However, higher laser power will produce more stray light which
leaks through the optical filter system and reaches the photo detector. As the laser power
approaches 10 mW, the situation can be classified as background shot noise limited. In rfs
case the noise is proportional to the square root of the background signal while the
fluorescence signal is directly proportional to the laser power, until photo-bleaching of the
dye molecules is significant. Another way to improve the detection limits will be to collect
more signal. As more signal is collected, there will be more background also. However,
in this background shot noise limited situation, signal to noise ratic will be improved as:

$ - Ef;n (2.6)

where E; is the signal and Ey, is the background.
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Instrumentation

A new laser is used in this experiment. The laser is also a hard sealed He-Ne laser
but operating at 594 nm (yellow). The power of this laser is 8 mW, which is much higher
than the lasers used before. To increase the fluorescence collection efficiency, two
microscope objectives are used which doubles the amount of fluorescence collected from
the sample. The optical arrangement is shown in Fig. 2.18. The laser bram is directed by
two mirrors into a focusing microscope objective. The beam is then dirscted into the sheath
flow cuvene about 20 um from the tip of the capillary. The beam waist is : ibout 30 pm and
the capiliary inner diameter is 10 um. These dimensions ensure that all sample molecules
will pass through the laser beam, and with properly adjusted aperture, all sample molecules
will pass through the volume being imaged. After going through the cuvette, the beam is
absorbed by a beam collector. The sheath buffer is supplied by a 250 mL wash bottle
seated on a lab jack. The buffer level is arranged to be 5 cm higher than the level in the
waste cell. The fluorescence from the sample is collected on each side of the cuvette by two
60x, 0.7 N.A. microscope objectives and is directed into two photo detectors. In each
photo detector, there is a interference filter which allows fluorescent light to pass through
(about 85% transmission), while rejecting the scattered laser light and Raman bands from
the solvent. An iris is placed at the plane where the probed volume is imaged. The iris,
which is a spatial filter, is adjusted so that only the clear image of the fluorescence spot
passes through while the fluorescence from the polyimide coating of the capillary and some
more intense scatter from the edges of the cuvetie are blocked. The output leads of the two
PMTs (Hamamatsu, R1477) are connected to a summing circuit and digitized by a
Macintosh Quadra 700 computer. The computer also monitors the current inside the
capillary. The electrophoresis is driven by a Spellman CZE1000R high voltage power
supply. The power supply is controlled by the same Macintosh computer. The sample
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Fig. 2.18 The optical arrangement of the two channel fluorescence detector.
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injection was controlled by the computer. Both the injection program and the

electrophoresis voltage control program are programed in LabVIEW®,

Experiment

A 10 um 1D, 140 um O.D. capillary is used; the length of the capillary is 45 cm.
The buffer used in this experiment is 10 mM borate, 10 mM SDS, pH = 9.2. The sample
is sulforhodamine 101, which is a precursor to Texas Red*. The absorption and emission
spectra of sulforhodamine 101 are shown in Figure 2.19 and Figure 2.20. The maximum
absorption is 586 nm (107,000 cm-!M-1), which is very close to the laser wavelength
(594 nm), and the fluorescence maximum is 607 nm. The sample is dissolved in ethanol

and diluted to 3.8x10-13 with buffer before injecting into the capillary.

Results and discussion

Figure 2.21 shows an electropherogram for a 3.8x10-11 M sample injected at 500
V for 5 seconds. For a 10 um 1.D. capillary, 45 cm in length, the volume of the capillary
is 35 nL. When 29,000 V is applied to the capillary, the sample retention time is around
245 seconds. Based on this information, the volume of injection can be calculated (this
will be discussed in Chapter 5) to be 12 pL. On average, the injected sample solution
contains 275 molecules of sulforhodamine 101. The detection limit calculated from this
electropherogram is 5.7 molecules. The sample solution was further diluted to 3.8x10-12
M and the same volume of sample solution was injected into the capillary. The average
amount of sulforhodamine is 28 molecules in 12 pL of 3.8x10-12 M solution. Fig 2.22

shows a few electropherograms of injection of 28 sulforhodamine 101 molecules into the

* Texas Red, which is Molecular Probes' registered orademark for sulfonyl chloride derivative of
sulforhodamine 101, is the current standard for red dyes with spectra that minimaily overiap with that of
fluorescein. The quantum yield of Texas Red conjugates is intrinsically higher than that of TRITC or
Lissamine rhodamine B. Because of this combination of characteristics, Texas Red conjugates are both
brighter and have lower background than the conjugates of the other commomly used red fluorescent dyes if
the correct filiers are used.
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Fig. 2.19 The absorption spectrum of sulforhodamine 101
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Fig. 2.20 The fluorescence spectrum of Sulforhodamine 101
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Electropherogram of an injection of 275 molecules into the capillary
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Fig. 2.22 Electropherograms of 28 molecules injected into the capillary
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capillary. All data are smoothed. The detection limits in these electropherograms are: (a)
4.6 molecules, (b) 6.1 molecules, (c) 5.7 molecules and (d) 8.3 molecules. The sample
was diluted again to 3.8x10-13 M, and volume of the injection was changed. The
injections were performed at 5000 V for 3 seconds, which correspond to injection volumes
of 74 pL.. The average amount of sulforhodamine 101 was 17 molecules. Figure 2.23
shows a few unprocessed electropherograms of 19 molecules being injected into the
capillary. Even the raw data shows the unmistakable peaks at the retention time of
sulforhodamine 101. The detection limits calculated from these electropherograms are: (a)
8.0 molecules, (b) 6.4 molecules, (c) 4.6 molecules and (d) 5.1 molecules. The smoothed
data are shown in Figure 2.24. The detection limits calculated from the smoothed data are:
(a) 8.1 molecules, (b) 4.9 molecules, (c) 4.2 molecules and (d) 4.8 molecules. It is
interesting to see that as the amount of sample decreases, smoothing or other kinds of data
processing will not improve the signal to noise ratio significantly because of the very sharp
peaks generated by very few molecules of the sample. The characteristics of a very zharp
peak are very close to those of noise. The signal from the two PMTs is conditioned by a
0.5 sec RC low pass filter. In this 0.5 second integration time, there are random noise
components and signal components integrated into one data point. If the time of a single
molecule passing through the laser beam is known, the time constant of the low pass filter
can be adjusted so that sufficient amount of the signal will be integrated while reducing the
noise components during the period of integration. The background shot noise can
therefore be reduced.

An experiment was done to determine the speed of the sample coming out of the
capillary and passing through the laser beam. Polystyrene beads, 0.5 Hm in diameter were
used as a indicator in the buffer solution inside the capillary. The 2.5% 0.5 um
polystyrene latex was diluted 25000 times by eluting buffer, and then continuously driven
through the capillary. This flow was stopped after 10 minutes, and the buffer with beads

was replaced by a clean buffer solution. The clean buffer solution was also driven
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Fig. 2.23 Electropherograms of injecticn of 19 molecules into the capillary, raw data.
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Fig. 2.25 The reflected light from 0.5 um polystyrene beads.
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continuously through the capillary for 10 minutes, then data collection was started. The
ultra trace amounts of polystyrene beads left in the system were sufficient for the speed
measurement. When the beads passed through the laser beam, the scattered laser light was
collected by a microscope objective and sent to a PMT. The signal was digitized at 1000
Hz after going through a 1000 Hz low pass filter. Two segments of that data are shown in
Figure 2.25. It ook the beads around 40 milliseconds to clear the waist Of the laser beam.
This information about the time a molecule takes to pass the laser beam is extremely
important. With this informaton, appropriate electronic filters can be chosen for single
molecule detection, and appropriate sample concentraton and sample flow rates can be
used. The following experiments are designed based on the knowledge acquired from the
previous ones.

To be able to detect single molecules in the solution, it is important to ensure that
there will be times that only one molecule is present in the probed area. A 45 cm, 10 um
LD. capillary has a volume of 35 nL. If the sample concentration is 3.8%<10-13 M, then the
total amount of the sulforhodamine 101 in the capillary is 1.33x10-20 mole, i.e., 8007
molecules. To be able to have one molecule present in the laser pass, the flow rate of the
sample has 10 be smaller than 1 molecule per 40 muiliseconds, or 25 molecules per second
(41.5 yoctomoles/second, 1 yoctomole = 1x10-2 mole), which is equivalent to 109 pL/s
of the 3.8x10-13 M sample being u-cd. Electrophoresis is the only method that can
accurately deliver this kind of flow rate.

A series of experiments were done to prove the detector described in this s=ction is
able to detect single molecules. The sample concentration was 3.8x10-13 M, the driving
voltages of electrophoresis, retention times, volumetric flow rates and molecules per

second flowing through the beam waist are listed in table 2.5.
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Table 2.5 The experiments for single molecule detection

CE Voltage 5 10 15 20 25
(KV)

Retention time 1421 711 474 355 284
(s)

Flow rate (pl/s) | 25 49 74 99 123
Flow rate 6 11 17 23 28
{molecules/s)

The capillary was filled with sample solution and the electrophoresis was set at a
certain driving voltage for 5 min. before data was collected to ensure the stability of the
system. The data was then collected at 1000 Hz by the computer. After 30 seconds the
polarity of the driven voltage was reversed to stop the sample flow. In order to keep the
sarnple molecules from leaking out of the capillary, reversing the voltage is more efficient
than turn off the driving voltage. A 1000 Hz low pass filter was used to condition the
signal from the PMT. As aresult, the first 36 seconds of the following series of data
contains fluorescence signals from the sample molecules, and the following 40 seconds of
data should be only background. Figuie 2.26 shows data for a flow rate of 6 molecules
per second in the first 30 seconds. The data is binomial smoorhed 5 times. Some higher
spikes are observed during the first 30 seconds, but it is difficult to say whether they are
due o fluorescence signal until an autocorrelation is performed. Autocorrelation was
performed on two separate sections of the electropherogiam, each 2000 data points long (it
would take too long to perform an auto correlation on 30000 data points). One section was
taken from the first 30 seconds, and the second section from the latter part of the
electropherogram. The results are shown in Figure 2.27 and 2.28. Figure 2.27 is the

69



autocorrelation of the background data. The result shows little correlation in this part. On
the other hand, the autocorrelation of the signal part in Figure 2.28 shows a significant
correlation (note the scale is different) with a delay time of about 60 ms. ““his means the
spikes noticed in Fig. 2.26 have a peak width which is remarkably close to the time
required for the sample molecules to travel through the laser beam. The next step in
analyzing the data is to plot the histograms of the first 30 sec. and the last 30 sec. of data.
Figure 2.29 is the histogram of the data from Fig. 2.26, signal is the histogram for the first
30 seconds and background is the histogram for the last 30 second (from 40 to 70
seconds). A significant shift in the maxima of the two histograms is noticed. In figure
2.30, three groups of histograms, each group from a different data set are compared.
Figure 2.30¢a) shows the same histograms as Fig. 2.29, with a 1000 Hz filter, (b) shows
the histograms for data conditioned by a 100 Hz electronic low pass filter, and (c) shows
the histog,. :2ns from data conditioned by a 31.5 Hz filter. All three sets show a significant
shift of the maxirna of the histograms. This means the fluorescence signal was observed in
all three situations. The shapes of the three groups are rather different. Although they are
all Gaussian curves, the standard deviz.;ons are different, with the 31.5 Hz filter producing
the smallest standard devistion. This is understandable because it is closer to the transit
time of the fiuorescent molecules through the laser beam. Based on this observation,

further experiments were do.x: using a 31.5 Hz fi*er.
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Fig. 2.27 Autocorrelation of a section of 2000 points from the background in Fig2.26.
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A series of data was taken for different flow rates of the sample solution. The
different voltages used to drive the sample flow are listed in Table 2.5. In each case, data
were collected during the first ) seconds when sample was flowing and during the last 40
seconds when the polarity of the power supply was reversed in order to switch off the
sample flow. The sample flow rates were controlled at 6, 11,17, 23 and 28 molecules/s
respectively. The digitization rate was 1000 Hz, the signal was conditioned with a 31 SHz
low pass filter, and each electropherogram contains 70,000 data points. The histograms of
the first 30,000 and the last 30,000 data points of each are plotted and shown in Figure
2.31.

From (a) to (e) in Figure 2.31, it is clearly shown that as the sample flow rate
increases, the signal level also increases while the histograms of background signals in ali
five sets of histograms are very similar. As has been determined, the time for a single
molecule to pass the laser beam is around 40 milliseconds. When the sample flow rate is
25 molecules per second, it should be expected that on an average, there wiil be one.
molecule on aveia, 1t in the laser beam. In Figure 2.31 (e) the flow rate is 28
molecules per second. It is a reasonable guess that the maximum of the histogram should
be the signal level generated by a single molecule present in the laser beam. The single
molecule signal level is located at about between 20 to 30 from the maximum of the
Gaussian shaped background histogram. This suggests that the nean of the signal ievel of
a single molecule is around 2 to 3 times the standard deviation of the background signal.
Setting a threshold at the mean of the single molecule signal level, it is possible to count

molecules flowing through the electrophoresis system.
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Counting analyte molecules is one of the ultimate goals for an analytical chemist.
Based on the analysis on the histograms of the data obtained (Figure 2.31), it should be
possible to make counting molecules a reality. By «“tiing a threshold on the signal, it is
possible to count the peaks above the threshold 4 - Znaals generated by fluoresceni
molecules. However, there are two kinds of errv;  + -1 the signal level is close to the
detection limit. The error of the first kind is cla ... . that an analyte molecule is absent
when it is present. The error of the second kird s claiming that an analyte molecule is
Present when it is absent. When the threshy:... :~ set at the mean of the signal level
generated by single molecules, the probability of the error of first kind is 50%.

The maximum of the signal distribution in Figure 2.31(e) is chosen as the threshold
because on average there will be one moiecule present in the laser beam when there are 28
molecules per second flowing through the laser beam. Another threshold is set at two
times the difference of the first threshold from the mean of the background, and the third
threshold is set at three times the difference. Any peak above the first threshold but below
the second will be counted as one molecule: any peak above the second but below the third
threshold is counted as two molecules; and any peak above the third threshold is counted as
three molecules. Figure 2.32 shows a randomly chosen 8 second portion of the data which
is the basis of the histogram in Figure 2.31(a). There were 6 molecules on average passing
through the laser beam while the first 30 seconds of the data was collected. From the 8
second section, 48 counts are found (this is purely a coincidence). To compare with the
background, another portion from the same run after the sample frow was stopped was also
chosen rundomly; 12 counts are found in this section {Figure 2.33). With this threshold,
the false count rate from the background is high because the threshold is set relatively low.
The error of the second kind is 25%, the error of the first kind is also 25%. The number of
molecules is estimated as the numter of counts while the sampile is flowing subtracted by

the number of counts from the blank.
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The background ground count rate can be reduced by increasing the level of the
threshold. Figure 2.34 shows the same data as Figure 2.32, with higher thresholds. There
are 32 counts in 8 seconds in this case, and 7 counts in the portion when the sample flow
was stoppea (Figure 2.35). The experiment listed in Table 2.5 were repeated and all data
were plotied the same way as shown in Figure 2.34 and 2.35 and the peaks were counted.
The results are listed in Table 2.6. The average count rate after subtracting the average
background count rate is 62% of the expected count rate calculated from the sample
cconcentration and the volumetric flow rate. The average error of the first kind in this case
is 38%, and the error of the second kind (false count) is 4% which is much smaller than the
case when the threshold is set low. The actual count rate and the background count rate vs.
expected count from each experiment are plotted in Figure 2.36.

When the sample flow rate is at 6 melecules per second, most fluorescence signal is
generated by single molecules. The fact that the background corrected count rate is 50% of
the expected count rate suggests that the adjusted threshoid is at th-> mean signa! level
generated by single molecules. When the flow rate increases, there will be more two-
molecule or three-molecule events. The signal generated by two or three molecules is much
higher than 30 of the background and there will be fewer errors of the first class. This may
be the reason that the percentage of the background corrected count tends to increase as the
sample flow rate increases.

With further improvement in instrumentaticn, the signal-to-noise ratio can be
improved so that the signal from a single fluorescent molecule will reach the level that
errors of both the first kind and second kind will be insignificant. Numerous applications
of single molecule detection can be found in analytical chemistry and related fields. The
second part of this thesis will demonstrate some applications of high sensitvity

fluorescence detectors in high speed DNA sequ