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ABSTRACT

'A sheath-flow cuvette is used as a detector cell for three

analytjcal applications incorporating lasers as the light source.‘

First, the sheath flow cuvette lS used to determlne the refractlve

index of neat solutlons by a flow-modulatron technlque In thus

- technlque diffraction of the laser beam within the Cuvette produces a

| change in the far-fleld beam-center intensity which i IS proportional to

the dlfference in refractive index between the sample and. sheath

streams If the flow is swntched rapidly between sample and sheath, .

: synchronous demodulatlon of the laser beam- 1ntensuty leadsto

|mproved refractlve index precision. Detection Irmlts of 7* 10 8 ARI

were obtamed across a 40 um dlameter sample stream

Second, the cuvette is used to determlne absorbance of neat.
SOlUtIOﬂS by a thermo optical technlque In thls technlque the sample | ;

is heated by az mW modulated pump beam. A second coplanar probe

- beam is used to detect the change of the refractlve index induced by the

- pump beam A lock-in amplifier is used to demodulate the penodlc

change of refractive lndex Absorbance detectlon llmlts of 1.1* 10>

were obtalned ina 100 to 140 pm dlameter sample stream '

Thrrd the cuvette is used to determine fluorescence of. neat o
solutlons and is also combined with caplllary zone electrophoresus
(L,ZE) asz laser-lnduced fluorescence detector. In this technlque a one

watt argon ion laser operatmg at 488 nm is used as the excstatlon

L v o . - i



. source anda mlcroscope setata rnght angle to the laser beam is used
" to collect the fluorescent signal. Detection limits of 1:25 * 1012 M for
fluorescem solution were obtamed across a 40 um diameter sample

stream. When combined with CZE, detectlon limits in the order of 10-2°

i mole for separat»on and determmatuon of elghteen fluorescein

|soth|ocyanate dernvatlzed ammo acids m;ected onto the capillary

‘were obtamed

B
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' CHAPTER ONE

[ ]

1.1. The sheath-flow cuvette .

The'detection of small amounts of materials in a flowing stream is of
~importance in a number of fields, including chromatography, flowing
injection analysis, and electrophoresisl (1-3). As might be expected, the
design of the sample cuvette is particularly important when manipulating
, sn‘tall volume samples. In this dissertation, the author would like to
consider the sheath-flow cuvette as a detector cell which is us‘eful in‘the
analysis of samples ranging from a nanoliter to tens of femtoliters in

“volume.

In the sheath-flow cuvette, frgure 1-1, a sample stream is mjected

into the center of a flowing sheath stream under laminar flow condmons
The process of hydrodynamic focusing occurs as the cuvette narrows to a
small bore flow chamber.‘ The sampIe stream retains its idehtity as a small
 stream flowing through the center of the 250 um square chamber, |
surrounded by the flowmg sheath stream. Many sheath- flow cuvettes use a
square bore flow chamber wrth flat wundows of good optical quality. The
square bore and flat wmdows m|n|m|ze the scatter of excitation Ilght into .

the emlssmn optics in fluorescence expenments (4). Furthermore, the

S ‘



~Sample -

Drain —_ ) . ——— Sheath

Window Window

Wast}e

Figure }*1 The sheath flow cuvette. The sample stream enters the top of
the cuvette through a narrow diameter tube. The sheath stream enters the

- cuvette from the side and surrounds the sample stream; Both streams
normally exit the cuvette through the waste tube at the bottom of Cuvette. A

drain port is provided for removal of bubbles from the flow chamber.



o sheath flow cuvette Iocates the sample stream far away from the cuvette

-wnndows wrthlrt/asﬂeath stream of pure solvent No contamination occurs

inside the cuvette wmdow if the. sheath stream is flowrng Also since the
solvent and sample stream have vurtually the same refractlve index, the

excntatlon beam is not scattered atthe interface of the sample and'sheath

, Astreams The small amount of scatter generated by the cuvftte wnndows rs

=4

”easHy reduced by a spatlal frlter located in the emnssnon optlcal path in

fluorescence experlments ) o : R

The sample stream radius is a functlon of both the flow chamber area
and the ratio of the volumetric flow rates of the sample and-the sheath

streams. The relationship, W|thout consnderlng diffusion of the analyte IS

shown in the following equatlon which was developed by Zarrr/and Dovichi |

(5):

: RS=(b/TC1/2)[1 ( . ‘ )'1/2]1/2 v | bl (11)

Q sample / Q sheath + 1

where R . is the sample'radius, b is the flow chamber width, and

.Q ! sample and Q sheath &€ the volumetric ﬂow rates of the sample and sheath

3

streams respectrvely

Frgure 1-2 presents the sample stream radius at dlfferent values of

| ‘Q sample / Qo - The radrus of the sample stream ranges from the radlus of

the cuvette ,wrthout sheath flow to zero without sample flow. The sample
o o : _
™~

N\



RADIUS (1em)
- (19) InnoA

] 1 . ] | N 1 1 I
0 Q. 0.2 0.3 . 0.4
’ - Qsample/Qsheath

Figure 1-2, Sample stream radrus at drfferent ratios of sample ﬂow rate

- Q  sample’ to sheath flow rate, Q sheath- 118 rrght hand a}xrs of this frgure also ,
shows that the probe volume which is produced by the mtersectron of the
sample stream and a 10 Km spot size laser beam is wrthm the picoliter

range (Modrf'ed from Zarrin, F.; Dovichi, N. J. Anal. Chem 1985, 57, 2690)
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vofume produced by the cuvette and a well focused laser beam iis quite
small. The right hand axis of figure 1-2 shows that the probe volume which
is produced by%he intersectfon of the sam'ple‘gt‘ream and a 10 um spot size
laser beam is on the order of a picoliter. - , 3

To summaitize_, this cuvette has three main advantages as a detector
N .
cell:

1. A very small detection volume can be easily obtained. This small
_volume can eliminate the detector dead volume as a factor in extra
column peak spread in chromatdgraphy and electrophoresis.
2. Since the sample stream never contacts the cuv:atte windows,
contamination of the windows is eliminated.
3. Light scatter due to the ceil window can be.easily eliminated

because the sample stream is located far away from the windows.

. The sheath-flow cuvette appears to have been utilized originally in the
study of particulates for the aﬁalysis of the quality of éas masks used

durihg World'War H. A ,dioctyl‘ phthalate smoke of about 0.8 pm diameter

- 'was choseh for fhe first experiment. The flow system was designed so that
each pafticle had to pass through the light beam with no chance of

| _"recirculation. The stream for the smoke Was surrounded by an air stream.

Scattered light was detected by a photdsensitive cell, producing an

electrical impulse fqr each particle. The quality of gas masks was then

determined (6).

Over the past twenty years, the cuvette has become quite popular in the



biomedical technique of flow cytometry (7-9). Here, cells, virus, or
chromosomes are labeled with fluorescentdyes and passed in a dilute”
suspension through the focused laser beam. Light scatter and fluorescence
from the particles are detected to provrde diagnostic information.

| Applications of flow cytometry include cell sorting, cancer dlagnostlos and

chromosome analysrs

¥

Analytical applications of the sheath-flow cuvette have centered upon
‘laser-induced fluorescence detection for chromatography, for flow injection
analysis elutants and for neat solutions (3,10-13). Other applications
include particle size analysis by means of light scatter and concentration

_gradient detection by optical deflection (14-18).

Christian et-al (10) used this flow cell for fluo,r,escenCe detection in a
chrom‘atogmpl&l’lc analysis in 1979. They injected 1 pl of a 4.16 * 108 M
solution of mesoporphyrin IX dimethyl ester into a 250 mm X 3.2 mm bore
column packed with 10 pm Spherisorb octadecyl silane. The fluorescent
signal was.‘collected by a miorosoope and focused onto a . ‘otomultiplier ,
tube (PMT). The PMT currént was then converted to v.oltage by a
electrometer and finally recorded by a strip chart recorder. The detection
limit for the chromatogram of this eluted peak was calculated to be 8 *

10"'% M at two times the background noise.

Christian and Kelly (3,11) also applied this cuvette as a detector cell
for flow injection analysis in 1981 and 1982. The flow system was
constructed from an air pump, loop injector, teflon and gles_s tubing, and a

~ sheath-flow cell. The sheath line flowed directly into the cuvette and the



B ' :
sar..e reagent solvent proceeded via the injection loop to the reaction tube

and then to the cuvette as the sample stream. Again, the fluorescent signals
were collected as in the previous set up. They claimed that an injeCtion of a

25 pl alliquot of 10" M hydrogen peroxide could be detected. -

T

N ) ] . :
Dovichi and Zarrin (14-16) applied this cuvette for particle size

analysis in 1985. In this application, the cuvette was used as a basis of a
lighf scatter detector for counting individual particles which were eluted
from a capillary columh hydrodynamic chromatograph. The elution order is
based upon the particle size. Comoentratlon detection limits were about
1000 partncles/ml A right angle collection geometry detected pamcles as |

- small as 45 nm radius.

Laserv induced-fluorescence deteetion for neat sample solutions, using
the sheéth—flow cuvette, was approac'hin'g single molecule limits in liquids
in 1984. This work was conducted by Dovichi, K_eller, and others (12). Their
detection limit was reported to be 8.9 * 10°'* M at two times background -
noise for equeous rhodamine-GG. Three years later, single molecule
- detection was dem_onstrated by Keller et al from Los Alamos National
Laboratory (13). These two experiments were simikla'r. Dilute, aqueous
solutions of h_ighly fluorescent molecules were introduced continuously as
the sample into the cuvette and a sheath stream was provided by another
pump into the same cuvette t%&us the sample as a narrow stream. An
argon ion laser was used to excite the molecules and the fluorescent signals
were collentev at a right angle to the laser beam by a microscope and
detected by a PMT. The main d|fference between these two experiments

" were the choice of analy’te and the detectlon systems. Rhodamine-6G was



'u'se.d as the analyte for the first eXperimen't and a large protein molecule,
phycoerthrin, containing the equivalent of 25 molecules of rhodamine-SG,ﬁ
- was used for the latter one. A Iock—in amplifier was used io demodulaté fhe
' ﬂuoréscent signal in the first experiment and a photon counting system was

used in the latter. -

Pawliszyn (17-18) used the sheath-flow cuvette for a concentration
gradient sensor for the detection of flow}ng samplé in 1986. This
concentratlon gradlent forms the correspondlng refractlve index gradient
dn/dx = (dn/dc) (dc/dx) due to the nonumform dlstnbutlon of the sample
concentratlo.n in the detector cell, which, in turn, tilts the propagation of
the probe beam in the sample flow direction. The concentration detection

limit was e orted to be 5 * 108 M for a sucrose solution\
1.2. The laser

The laser is a useful light source.for the analysis of small volume
samples. Laser is an acronym of Light Amplification by Stimulation-
Emiés}ion of Radiation. Asa consequence of their light am‘plifyiyng
properties, lasers produce spatially narrow, extremely intense beams of
radiation (19-22). The process of stimulated emission produces a beam of
highly monochromatic (bandwidth of 0.01 nm or less) and remgrrkably

- coherent radiation. -

3
, The conditions for coherence are (1) the sources of radiation must
have identical frequency and (2) the phase relgtionship across the beam

must remain constant with time: Because of these properties, ail of the



stimulated photons are alike in every way. They carry no information about
the Iocaﬁon of the excited atoms from which ihey come. Thus all of the
excited atoms or molecules are‘functionally eqUivalent and the laser output
radiation behaves as if it had originated from a single spot. As a result the
‘laser beam can be focused to a very small spot, as small as half of the
wavelength, A/2. In conventional light sources, which are incoherent, light
is erhitted by individual atoms or rfiolecules, and the resulting beam is the
summatnon of countless individual events. The photons carry information
about the|r orlgm So, conventional hght sources can not be focused to a ,

small spot (23).

_ It is evident that laser sources can provide higher average and peak
powers to a small spot compared to conventional sources. The effect is th?t
lasers can be adapted to illuminate.very small volumes, so that their pogﬁer

can be maqre effectnvely utlllzed

Lasers have many applicationshin areas such as Raman spectroscopy, |
absorbance, fluorescence, refractive index, photothermal defraction, and
: electrophoresjé, and have produced excelleht detection limits for chemical
analysis. The importance of the larser can be seeh in the tremendous increase
of laser utilization in research since the first paper for laser analysis was
published in 1966 (24). |

1.3. The thesis

It was the object of this author's research to develop a high .

<



sensitivity, low volume detector by using the sheath-flow cuvette for
analytical techniques. In this dissertation, the sheath-flow cuvette is used
as the detector cell for three different analytical épplications incorporating

lasers as the light source.

First, ae is described in chapter two, the sheath-flow cuvette is used
with and without flow-modulation for refractive index (RI) measurements.
Detection lirhits of ARI=7"* 10'8‘ are prod'uced across a 40 um diameter
sample stream. THe RI detector is unrversal smce it responds to any analyte.

The only drawback of this detector is poor sensitivity.

Second in chapter three the cuvette is used with thermo-optical
determrnatlon for absorbance measurements. Detection limits of A= 1.1 *
10°-are produced across a 100 to 140 um diameter sample stream. The
abso.rption detector is more selective and sensitive than the RI detector

since certain analytes only absorb particular wavelengths.

Third, in chapter four, the cuvette is applied to ﬂuorescence detecﬁon
for neat sample solutions. Detectron hmrts of 1.25 * 102 M are obtained
wrthrn a 20 um diameter sample stream Finally, in chapter five, the
Cuvette is applied to capillary zone electrophoresis for fluorescence
measurements. Detection limits in the order of 102 mole for separation
and determination of eighteeh amino acids are produced. The ﬂuoreﬁcence
detector is even more selective and sensitive because it is influenced by the

choice of both the excitation and emission wavelengths
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for the requirements of the fluorescent species. Fluorescence is the area

that the author is most interested in.

The most important aspect of this dissertationis that it demonstrates
'state—of-the4art trace analysis (25) by using the sheath-flow cuvette as a
detector cell. Especially, when only a minute amount of sample is available,

these applications will provide very good quantitative information.
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CHAPTER TWO

EEEBAQILZE_MEX.MEAS_Q&EME&{1

(Refractive Index Measufement Within The
| Sheath-Flow Cuvette)

1. INTRODUCTION

The refraciive index, n, of a s'ubstance is definedA by the ratio of the

speed of light in a vacuum, C, to the speed in that particular material, v:
n=cv . | | (2.1)

When a ray of ligﬁt passes obliquely from onen]edium into anether of
different density, its directior'j is bent on passing through the surface. This %
~ phenomenon is called refraction and its effects can be seen when a straight.
stick appears to be bent when put into water. Snell's Law is the basiciaw of

refraction:

ny sin 6, =Ny sin 6, ' ' | (2.2)
where 84 is the angle of incidence and 85 is the angle of refraction, ny and
n2‘ are the indices of the materials. In figure 2-1, when the second medium

1. A version of this chapter has been published. Cheng, Y. F.:
Dovichi, N. J. Mikrochimica Acta, 1986, /Il 351.
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incident ray

refracted ray

Figure 2-‘_1 Refraction of light in passing from a less dense

. medium, ny , into a more dense medium , ’n2 .
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is optic'ally denser than the first, the ray becomes more nearly
- perpendicular to the dividing surfaces indicated by n4 and n2
respectively.
| l

The refractive index (RI) of a substance is dependent upon wavelength,
pressure, and temperature (1). The variation in refractive-index on
wavelength is called dispersion. In the dispersion curve, near absorption
bands in the ultraviolet (UV) and infrared (IR) reglons of this spectrum the
refractive index changes rapldly with wavelength and changes slope In the
~ visible reglon the refractive index gradually decreases with i increasing
wavelength for most substances. As long as the wavelength remains
constant, the detector response will be repeatable. The wavelength
dependence of refractive index is negligible if lasers are used as the light

source due to their very narrow spectral band.

Rl

>
The refractive index of a substance increases with increasing pres-re

because of the accompanying rise in density However, the effect of
pressure is much less |mportant than the temperature effect in Rl

measurements The pressure coefflcrent dn/dp, is in the order of 10-1°
” m2/N for most Ilqurds. Temperature affects the refractive index of a
substance mainly due to the change in density. For many liquids, the
temperature coefficient lies in the range of -4 to -6 * 10" per degree, -
except water wrth a coefficient of about -1 * 10“‘ per degree. Clearly,
temperature dependence IS a serious problem in refractive index
measurements. No wonder all commercial detectors are temperature

thermostated (2-6).
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The refraction of radiation‘ is important in the RI detector whichisa
nondestructive, concentration sensitive, and bulk property chromatographic
detector. This detector is of interest in the énélysis of complex mixtures
for all constituents and is a popular universal detector ranking second to |
the UV absorbance deétector for liquid phase analysis. M:ost substances have '
~ different refractive indices so that a change in refractive index of a flowing
stream 'may be associatéd with the presence of an analyte eluted in the flow

system.

Itis difficult to miniaturize conventiona!l R instrurhents to very small
volumes. The primary drawback is the lack of sensitivity when trace
analysis is desired. This chapter represents,the first description of the
sh‘eath-flow cu.vette'as‘a refracti\}e index detector of neat solutions. In a
refractive index detector using the sheath-flow cuvette, a focused laser -
beam passes through the cylindrical sample stream at the cehter_ of the
sheath-flow cuvette. The sample stream acts as a weak scatterer to
“produce a change in the laser beam prOpagation properties. Measurement of
the far-field beam-center intensity provides a hnear measure of the
refractlve index of the sample stream (7). Figure 242 shows the d|agram for
a Iaser passmg through: a sheath- flow cuvette. The beam is dn‘fracted by the
sample and cuvette This dlffractlon phenomenon lé s:mHar to that of light

passmg through a slit.

Refractive index measurerhents made with mosi instrumental’designs‘
have high background signals. The presence of an analyte must be measured
as a small change in the refracuve irdex of the sample The background

(o)
refractive index of the solvent is important as it leads to significant v
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LASER

: _ o | DETECTOR
Ch  PLANE

Figure 2-2. Schematic diagram fbrf a‘,laser'.'passihg through a she;ath_—flow
-cuvette. A diffraction pattern is formed at far-field detector plaheﬂ.{— : |

i




sensitivity to intensity fluctuations in the light source. Since the '
measurement is made at low frequency, flicker noise produces a serious

interference in the measurement as shown in thlS chapter Iti is pOSSIble to

. modulate refractrve lndex measurements in the sheath- flow cuvette so that

the difference in refractive index between the sample and sheath streams is

measured directly (8).

In this application, a Ioosely focused laser beam passes through the
flow chamber’ Figure 2-3 (a) shows that, when the laser beam mteracts
with the flow chamber walls and no'sample stre_am is present, a diffraction’ |
pattern is formed at the far-field detector which ti's simil_ar to that
produced by a laser beam passing through a.slit. Figure 2-3 (b) shows that

the far-field diffraction pattern is distorted when the sample stream and

sheath streams are both present. A change in the beam-center intensity is

observed and this change in the beam-center intensity is proportional to the

difference in refractive index between the sample and sheath streams.

2. EXPERIMENTAL

-

- 2.1. Refractive index “detection‘ using the sheath-ﬂow cuvette

The optical system, figure 2-4, is constructed on an optical, table, NRC
' Model-KST-48 Light from a Itnearly polarized, 2 mW helium-neon laser, A =

. 632 8 nm is focused with a 25-mm focal Iength mlcroscope objective into

| the sheath-ﬂow cuvette The laser beam walst spot size is estimated to be

Y (
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(a)

(b)

E'S

Figure 2-3. Beam préfile in the laser-based refractive index detection

“using the sheath-flow cuvette. (a)tshows that when the laser beam mteracts

with the flow chamber walls and no sample stream IS present a dlffractlon :

pattern is formed inthe far-t" eld detector. (b) shows that the far-fi eld

 diffraction pattem is dlstorted when the sample stream and sheath are both ,, |

present.

20
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SAMPLE
| . LENS_/STREAM
|LASER , 0 4 N\MIRROR
‘ CUVETTE | %

J
PHOTO-
DIODE

Figure 2-4. Experimental diagram for the laser-based refractive detection
v'uSi'hg the sheath-flow cuvette. The beam of light produced by the laser is
focused with a microscope objective, passes through the cuvette, is

reflected by a mirror, and propagates to a small area photodiode.
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-about 15 um (9). The sheath-flow cuvette, Ortho Model 300-051100, has a 2
'mm thick quartz chamber with a 250 pm square bore flow chamber. The
cuvette is mounted on an X-Y translation stage to allow convenient alignment
with respect to the laser beam. After propagating through the sample, the
laser beam i is reflected from a mirror and centered upon a 1 mm? silicon

photodlode,the total optical path to the photodiode is about 50 cm.

The output of the photodiode is conditioned with a current-to- -voltage
converter, constructed from a JFET operational amplifier with a 100- kQ
feedback resistor in parallel with a 47- -pF capacitor. The output of the
current-té-voltage converter is }displayed upon a digital multimeter (DMM),
Keithly Model 195/1950. h

'.The sheath stream is provided by a high pressure liquid chromatography
syringe pump whereas the sample stream is provided by a low pressure
syringe pump. Typical flo'w-rates employed are 64 ml/hr for the sheath
stream abn}d 2.5 ml/hr‘for the sample stream. At these flow rates, the sample
stream radius is estimated fromvsimple hydrodynamic theory-to be about 20
um (10). A 0.2 pm-filter is placed in the flow line to'remove particles from
. both streams. ngh purity deionized watgls used as both the sheath fluid and

the sample solvent Dilute aqueous solutions of methanol are used as samples

Alignment of the system is important to obtain good results. Since the
laser beam and sample stream are both quite small itis convenlent to utilize
'mlcrometer dnven translation stages fo align precisely the beam and stream

The cwette is located about 15 mm past the beam waist and near the center,
‘.l . .



of the beam axis. Adjustment of the mirror allows the laser beam profile to
be centered on the photodiode. Small changes in the optical configuration are

made to maximize the voltage change obtained between a water sample and a
* low concentration’

b Y

methanol solution.

2.2. Flow-modulation within a sheath-flow chette for
| refractive index measurement |

In fhe sheath-flow cuvette, a drain port ié a’\?ailable opposite from the
“portused to introduce the sheath fluid into the cuvette, figure 1-1. This drain
- portis often_ used to remove bubbles which have become irapped in the flow
chamber. However, We noticed that the flow proﬁlé of the-sarpple,stream
becomes distorted when the drain pbrt is opened. By connecting a small
volume, high speed solenoid valve to the drain port itis possble to modulate
the flow profile of the sheath-flow cuvette. When the valve .SEM
sample does not interact with the laser beam and an unperturbed beam profile
is observed, figure 2-5 (a). When the valve is closed, the profile is
. reestablished, the sample interacts with the laser, and the perturbed profile
is'observ‘ed,-vfigure 2-5 (b). | |

. k!

Médulation of the flow profile with the solenoid valve allows rapid
switching of sample and solvent in refractive index measurements, reducing
1/f noise. Lock-in detection of the laser intensity réferenced to the solenoid
driving frequency allows direct measuremen\t of the difference in refractix)e

index of the two streams.

3
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(a)

(b)

Figure 2-5. Beam profile for the high precision laser—besed refractive

iindex determination within prcohter volumes using flow-modulation of the
sheath-flow cuvette (a) When the valve is open, the sample does not |
mteract with the laser beam and an unperturbed beam prof” le is observed
~(b) When the valve is Closed, the profile is estabhshed the sample interacts -
with the laser and the perturbed profile is observed |
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'The experimental diagram for the flow-modulation of the sheath-flow
cuvette refractlve index detector is shown in figure 2-6, WhICh is similar
‘to figure 2-4 The sheath stream is provided by the same hlgh pressure |
synnge pump at a flow rate of 64 ml/hr whereas the. sample stream is
provided by a low pressure pump at a flow rate of 2.5 ml/hr. A small volume
solenoid valve, the Lep Company Model LFAA1200218H, iS connected to the
drain of the sheath-flow cut/ette. A micrometer controlled metering valve;.
Whitey Model 22R82' is connected to the Waste line at the bottom of the
cuvette The metering valve, which is not shown in the figure, is adjusted to
provide suffIC|ent back pressure so that flow alternates between the waste
and drain lines, depending upon the state of the solenoid valve.

A2 mwW linearly polarized heliutn-neon laser at wavelength 632.8 nm is

. focused into the sheath-flow cuvette with a 25’mm- focal length IensEAfter
'propagatlng through the cuvette, the laser beam aga|n is reflected from a
mirror and centered upon the photodlode A functlon generator, Hewlett-
Packard Model 3311 A, is used to drive the solenoid valve. A lock-in
amplifier, Ithaco Model 393, is referenced to the function generator and is
used to demodulate the photodiode output The lock-in amplifier is operated

with a 1 second time constant in the amplitude mode.

The cuvette is located about 15 mm past the laser beam focus and near
- .the beam axis. The detector is located about 50 cm past thecuvette.
The beam profile is moved across the detector face using the mirrorto.

maximize the lock-in amplifier signal.

g
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, Flgure 2-6. Expenmental dlagram for the refractive mdex determlnatlon

usmg flow- modulation of the sheath-flow cuvette.

26



The sheath fluid ig delomzed water. Dilute solutlons of methanol in

deionized water are used as samples.

3. RESULTS AND DISCUSSION
/‘/\J ' .
/

3.1.(Without flow-mo‘dul'ation

All commercial Rl'detectors_ are differential in operation and provide'an
- output signal that..is proportional to the difference in refractive indices of

. the liquid in.the Sample and reference cell. They are a_Is'o temperature
thermostated to minimize any‘temperature fluctuation Causing a refractive

index change.

In a sense, the Rl detector based upon the sheath-ﬂcw cuvette isa
differential system. The change m‘ﬁ;;oltage observed by the detector is
~ proportional to the difference in refractlve index. between the sample and
sheath streams. _Presumably, temperature fluctuations and other
environmental factors will influence both ‘streams by a similar amount,
producing no change in signal. ln fact we did an experiment in which the local

| sheath stream temperature was changed suddenly from room temperature to

27

about 0°C. This temperature change was accompllshed by placing the Teflon :

tube carrying the sheath stream into a vessel and then pouring ice water into
. the vessel in order to decrease the temperature i in the tube abruptly. Normally
an abrupt temperature change of this nature would result in a large refractive
_ index change, which, in turn, would result in a large signal change from the

DMM. However, in this experiment only a negligible change in voltage was



observed, suggesting immunity to temperature fluctuations. Furthermore, it
may be possible to utilize the sheath-flow cuvette for refractive indek
detection m a gradient elution chromatographnc system. If the sheath flow is
derived by splitting a portion of the chromatographic mobile phase, then the
sample and sheath will have similar compositions, minimizing the difference
in refractive index between the two,

" The RI detection using the sheath-flow cuvette produces a linear
calibration curve, r > 0. 998, with a detection limit, 2s, of ARl =3* 108,
Changes in refractive mdex were estimated from the volume fractiorr of
methanol in water, assuming a linear change in re_fractlve index with volume
fraction. At changes in refractive index greater than about 104, the
calibration curve deviated from linearity, demonstrating negative curvature.
The detéction limit appears to be a result of low frequency instability in the
probe laser intensity. In fact, the detection limits correspond to a 3 parts in
104 stab|llty in our laser intensity and in our electronics. Higher stability

hght sources are not common
3.2. With flow-modulation

One potential improvement in the system occurs when the experiment is
modul'ated, as shown in séction 2.2. The data of the calibration curve from
flow-modulation within a sheath-flow cuvette are obtained at a‘modulation
frequency of 18 Hz. At sllghtly higher modula'uon frequencies, the modulated
component of the signal rapidly dropped to zero. Presumably, at the partlcular
flow rates employed in this experiment, the hydrodynarhics of the cuvette are

not able to reestablish the flow profile at modulation frequencies greater "

-
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than about 20 Hz. Occasionally; modulated signals would be observed at higher
frequencies, near 100 Hz. These signals were not repfoducible and appeared to

'be associated with acoustic resonances in the flow system..

The sensitivity of the instrument is investigated for other sample
stream flow rates. The sensitivity of the instrument is observed to increase -
monotonically with sample siream flow rate from 0.10 to 2.5 ml/hr, ata
constant sheath flow rate of 64 ml/hr. Since the sample stréam-radius also
increases monoton.ically with sample stream flow rate, we observe an |

increase in sensitivity with an increase in sample flow rate, figure 2-7.

A linear ‘calibrati\on curve, r$ 0.9995, is constructed from the detection
- limits (2s), ARl =7 * 108, to the h}ighest conceniration sample employed,

| ARI=1*10% ata sample stream flow rate of 2.5 ml/hr and é sheath stream
flow rate of 64 r;ﬂ/h'r.- Using the éame instrument without modulation,
detection limits are a factor of 50 poorer. Clearly, modulation of the sample
stream provides significant improvement in precision of the refr_abtive index
determination. ' -

It is interesting-to compare the ‘resu'lts of the flow-modulated
sheath-flow cuvette with other techhiques for refractive index
measurements. High sensitivity refractive index measurements utilize an
.~ interferometer to measure refractive index changes over a relatively long
optical path. For example, a laser-based refractive index detection limits
of4*10°4A RI within a 200 um probe volume for the Fabry-Perot
| interferomerer(11). Although the interferometer instrument produces.

excellent detection limits, the sensitivity of the instrument is proportional

A
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Figure 2-7. Sensitivity vs sample flow rate for flow-modulation system, at

a constant sheath ﬂow rate of 64 ml/hr.
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to the path length. It is not pOSSIble to mmlaturlze the mterferometer

refractive index detector wuthout a concomitant loss in sensmwty

Several mlmatunzed refractlve index detectors have been reported. A

. small volume Fresnel ref~ “tive index detector has been employed to produce
detection limits of 2 * 1077 AR within a 1 pm flow cell (12). The interaction

of a laser beam and a captllary tube has led to the development of a snmple/
refractuve index detector which produces detectlon limits of 6 * 107 ARl

wnthxn a nanohter Cuvette (13-16).

A probe volum.e of about 400 pl is estimated for this experiment»using
the sample streem radiu's and the laser beam spot-size. The probe volume of
the sheath ﬂow cuvette\ |s better than those produced by any other refractlve
| ‘index measurefg@ Qurthermore the flow-modulated sheath-flow Cuvette

d i d —4"\“1,
- produces refractn{gq_x

i (sﬁt detection limits which are superior to all but the o
- best Iong path length'l'nterferometnc lnstruments The probe volume of the
sheath-flow cuvette ns six orders of magmtude smaller than that of the
interferometer. In terms of mass based detection limits, the sheath-flow
cuvette is more than four orders of magnnfude better than the Fabry Perot

mterferometer
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'CHAPTER THREE
ABSORBANCE MEASUREMENT
(Thermo-Optical‘.Absorbance Determination Within The

,Sheath-Flow Cuvette )

1. INTRODUCTION

AN

Refractive index detection using the sheath-flow cuvette is based

. upon the diffraction effect Wthh oceurs when a laser beam passes

- through the sample stream(1,2). If the refracttve index of the sample s

dlfferent from that of the _sheath fluid, the sample acts as a weak
scatterer to diffract Ilght from the center of the beam profile. The
change in the laser beam center intensity is llnearly related to the
refractive index of the sample stream for about two orders of magnltude,
as discussed in chapter two. | | \

The refractlve index detector may be converted to an absorbance
detector by use of the thermo- -optical effect. In this absorbance _
detector, the sample stream is illuminated by a modulated pump Iaser
beam. Absorbance of the pump laser beam produces a periodic

temperature nse wnthln the sample stream Since the refractlve index of g

most solvents changes with temperature, a second probe laser beam w,-
periodically be dlffracted by the heated sample in a manner analogous to

that employed ln the refractive index detector (3).

e ‘ 33
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When a quantum of light i rmplnges on absorbrng matter the photon is

r

:‘absorbe}d by: :the material, figure 3-1. Beer's law states the relatlonshlp

between the absorbance transmrttance anc{concentratlon as follows:

A=-logT=logP,/P=abc ' (3.1)
where A is the absorbance of a solutuon T is the transmnssnon of light =

through the sample P is the rncrdent light power, P is the transmitted

, hght power, a is the mo!ar absorptnvrty b is the path length and c is the

. concentration of the analyte For very weakly absorblng material, Beer's

law is approxlmately equal to

(Po-P)/Py=1-10*=2303A . | (3.2
) - |

‘)J‘

. The absorbance of the sanyple A, is proportlonal to the relative intensity

change of light. Clearly, an increase in the |nput~hght power will not
|mprove the sensmwty for transmnssron measurement Fluoresence

determmatnon produces much better detectlon limits because the signal

.IS proportronal to the input power and»not the relative rntensrty change

Single molecule détermlnatnon hae been achieved by using Iaser lnduceo

fluorescence 4).

A T
B
| A E
¢ ot
’ RS 4

- To improve the d§tect|on limits for absorbance measurement itis

necessary to use an mdlrect measurement which is assocuated with the

-external process Wthh occurs after absorbance of light. Frgure 3-2
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i
T~

~ absorbing solution-
of concentration c

-
4

o

Figure 3-1. Attenuation of a quahtum o'f~light by absorbing matter.
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Figure 3-2. Schematic energy-level diagram associated with

thermb-o’ptical detection.

e,
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shows the schemgtlc energy-level dlagram associated w:th

thermo -optical detectaon When a quantum.of light lmplnges ona
molecule, it is absorbed in ab%t 10°'5 sec, and a transition toa hlgher
electronic state takes place.. This absorption of radiation is highly
specmc and radiation of a partloular energy is absorbed only by a

L2

charactenstlc ‘structure. For organic molecules, the electron is raised to

. an upper exc1ted singlet state, S, S,, etc. The absorption transitions

usually orrglnate in the lowest vibrational leve! of the ground: electronic

state, a$ shown in flgure 3-2. -
/ ’«_:',.’ [

‘ f Ah excited molecule can return to its ground state by a combination
of several steps. As shown by the shaded vertical arrows in figure 3-2, _

two of them, fluorescence and phosphorescence involve the release of a
photon of radlatron The other deactlvatlon steps, indicated by solid

vertlcal arrows, are raduatlonless processes

l)bﬂ ',

R 1‘ v

Internal conversion through overlapping vibrational levels is usually

~ more probable than the loss of energy by fluorescence from a higher

excuted state. In solution, the excess vibrational energy is lmmedlately

lost as heat through collisions between the molecules of the excited

- species and the molecules of the solvent. This relaxation process is so

efficient that the average lifetime of a vibrationally excited molecule is
10712 second or less. As a consequence, fluorescence from solution
almost always involves a transition from the lowest vibrational level of

an excited state to the ground state. Under these condltlons the

fluorescence would be of wavelength A, only, regardless of whether the

37
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excited wavelength is A, or &,,. Since the electron kfanJ{eturn to any one

~of the vibrational levels of the ground state several closely spaced
peaks are produced, The fiuorescence is of longer wavelength than the
excitation wavelength. Typically, the llfetnme of fluorescence is 10 to
10"%.second.
’ \

" The phenomenon of phosphorescence involves an intersystem |
crossing, in which the spin of an excited electron is reversed and a
change in muitiplicity of thet*nolecule results. Intersystem crossings are

common in molecules that contaln heavy atoms for instance |od|ne or

Yr

bromine. The presence of paramagnetic specses such as oxygenin ~
solution also enhances intersystem crossing and decreases fluorescence.

Decay times of 10 to several seconds are obser\/ed in phosphorescence.

S Raduatlonless transmons to the ground state from the Iowest
excited singlet and triplet states, figure 3-2, involve internal ‘conversion
and external conversion, in which deactlvatlon of an excited electromc

‘ etate involves interaction and energy transfer betwéen the =rrited
molecules and other solutes or the solvent: This process is responsible

for the thermo-optical phenomenon.

Two common methods have been apphed to |mprove detectnon llmlts '
'for absorbance measuremehts One is photoacoustlc spectroscopy) Wthh
is a techmque used to measure the sample density change produced by
the temperature nse after absorbance; the other one, applied for the

present work, is the thermo-optical method, which is a technique used to



measure the refractive index change produced by the temperature rise

- associated with absorbance (5-11).

Figure 3-3 represents one of the typucal thermo optncal techmques

the cross-beam thermal lens. A pump laser beam, modulated 8y a -
mechanical chopper intersects a coplanar probe laser beam atﬂnght
angles (3). The sample absorbs energy from the pump laser beam and is
heated up when the pump beam is on. The heated sample produces a
refractive lndex change Wthh in turn, acts as a dlverglng lens to

defocus the probe beam. The center intensity of the~'be beam changes

periodically accordmg to the state of the pump beam and is measured at

the far field detector.

The temperatu[e rise, AT, produced within a flowing sample

illuminated at right angles by a short pulse of light, is given by: -

- 2303EaC 202 + [y + V) 02

ATm exp {— 4 (33
2kt (1+2t/1tc) 1+21/1c

where E is the laser energy, a is the analyte molar absorptivity, C is the
analyte concentration, k is thermal conductivity of }he solvent, x is the

direction perpendicular to both'the pump laser axis and flow difection, y

is the direction of flow, w is the. pump laser beam spot size, and t is



Figure 3-3. Cross-beam thermal-optical technique.
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tzme The thermal time constant, t., is given by:
[ ]
o?p CFrQ w? »
L o ' 34
t, = = (3.4)
4k - 4D

where p is the sample density‘ and Cp is specific heat (3). Equation 3.3

-1

shows that the temperature rise is proportional to both the sample
absorbance per unit length and the pu-;np laser power. Weakly absorbing,

- low concentration samples may be. studned by use: ofa hlgh energy pump

laser beam

For a small temperature rise, the refractive index change lnduced by

the sample absorbance is grven by

on . .

AN =—— AT | . (3.5)
oT

where an / dT is the change in refractive index with respect to
temperature Unfortunately, water has only a modest change in refractrvu
index with respect to temperature organlc solvents are much more

~ useful in thermo- optlcal detectuon The refractive index change is
Iocahzed within the sample stream and may be detected with the

refr'active& index detector developed in chapter two.

o
<
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2. EXPERIMENTAL

A block diagramef the sheath-flow thermo-optical abs:)rbance
,detectio.n is presented in figure 3-4. The experiment is constructed on .a
4 X 8 foot optical table, NRC Model KST-48. A helium-cadmiium laser,
operating at 442 nm, provides a linearly polarized 2-mW pump beam. This .
beam is modulated, typically'at 100 Hz, in a symmetric square wave with
a mechanica! chopper. A microscope cover slip is used to direct about 5 %
of the ‘Pump beam intensity to a reference photodetector, descrlbed )
below The main beam is tf&n focused with an 18 X, 10- -mm focal Iength
_ mlcroscope objective into the sheath-flow cuvette, Ortho Model
300-051100. The linearly polarized probe beam is provided by a 2—mW :
helium-neon laser operating at 632.8 nm. A polarization filter and a 1 /4¢: ‘
ane plate are placed in the probe beam path to minimize |
retroreflections‘, originating from the sheath-flow cuvette, f'r_om, .

*ureing to the laser gavify. A linear polarization filter is placed in t'hev
bee ~and rotated to maximize the transmitted laser inteneity. A1l/4
wavz olate is then{placed in the beam and rotated until the |
retro-eflection, orig\nating from the cuvette, is--eXtinguished_ upon
- pas .age through fhe\polarizing'filter. The prebe beam is focused into the
-ath-flow cuvette With ar’xX, 18.-mm focal length microscope. .

Jojectlve After propagating through the cuvette the probe beam is

reflected from a mirror to a 1-mm? photodetector

The reference and signal detectors are identical Valtec silicon
photodiodes. The output of each diode is conditioned with a

current-to-voltage converter constructed from a JFET operational
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77\ CUVETTE
PROBE LASER M
— cHory T chiex |
PUMP LASER o SN

W M |
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. ' X
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¢ . |AMPLIFIER DIODE

@a
Figure 3-4. Expenmentél duagram The pump laser is a 2 mW

‘helium-cadmium laser operating at 442 nm. The probe laser isa2mw
#&  helium-neon laser operating at 632.8 nm. The laser beams are focused

ﬁ‘ - with microscope obJectlves a7Xx lens is used to focus the probe beam

and a 18X lens is used to focus the pump beam. M are mirrors, and CHOP

is a mechanical chopper.
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amplifier, Linear Devices LF351 wired witha 1-M Q feedback resistor in
parallel with a 47-pF capacrtor The reference photodiode serves asa
phase reference for a lock-in amphfuer Ithaco Model 3961, which is used
to demodulate the absorbance signal. A one second lock-in time constant
is used jg all expenments The mean and standard deviation of the
lock- -in signal are calculated from a set of 20 data recorded at 5 second

7

lntervals | o

The sheath flow is provided by a high pressure syrlnge pomp Isco
Model 314 and the sample sitream is prowded by a low pressure syringe

pump, Razel Model A 99, f‘or' all of the data presented below, the sheath

stream operated ata flow rate of 4.0 ml/hr. The sample stream flow
rate varied from 0.2 to 3.0 mi‘hr. '

’ﬁtt

1L
. h;;
’31. ot

All chemr_céﬁ‘ls arereagent grade or better A stock solution of 2. 26 *
.10*‘ M amgranth dye Is prepared in, methanol anda?z2. 05 * 10 M solutron
s prepared in water Dilutions are’ prepared using both water and
: methanol The measured molar absorptwnty of amaranth, using a HP
8451A Dlode Array Spectrophotometer is8* 103 L Mol 3 cm’ at 442 nm -

in water

Al of the optical components bsed.to mampulate the probe beam are
- fixed in space using well damped massuve frxtures whnch are frrmly
attached to the optical table. The pump laser beam focusrng lens is
mounted on a three axis.franslation stage to allow compiete freedom in

" the locatuon of the pump beam walst The sheath flow cuvette is ”

g
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mounted on a two axis transiation stage to allow precise location at the

—

intersection point of the pump and probe laser beams.

' The interaction of the probe beam and the cuvette produces a
-complrcated profile, consrstlng of a set of light and dark fringes. These
frrnges are produced because the cuvette is located about a centimeter
past the probe beam waist. The probe beam profil |s then centered,
using the mirror, onto the photodrode The pump b am is focused into the
center of the cuvette, slightly ggpstream from the probe beam. The
position of the pump beam within the cuvette and the position of the
probe beam profile with respeot to the photOdiode are adjusted to
maximize the signal recorded by the lock-in amplifier.

+
1l

3. RESULTS AND DISCUSSION

il

£

Although an impulse response model was developed in equation 3.3, |
the data were recorded using a chopped cw pump laser beam. Assummg
linearity with respect to pump laser energy, the change in probe beam

intensity is given by: .

’
=] Aluselt-7) P) dt | o (39)
0 o

where Al is the time dependent change in the probe beam intensity -

impulse



-
produced by a source of unit energy'an'd P(z) is the time dependent
_excitaticn function used to excite the s.ample. However, the time
dependent thermo-optical absorbance._signal is nct particularly LY
informative since a lock-in amplifier is used to demodulate the signal
Instead the frequency dependence of the signal is of more mterest since
the lock-in response at frequency f may be wntter as the Fourrer

transform of the impulse response:

. AL(f) = f{AI (t)impulse} . (3.7)
Al(hough the frequency response has been solved for static samples —

(#1-12), the response for flowing samples is more dn‘fncult and is not
included here. T , . ‘ ' -
i

Thermo-optical measurements in static samples demonstrate a
simple dependence upon chopping frequency (13). At low frequency, the
signal is constant and at higher frequencies, the signal demonstrates an
inverse dependence vupon frequency. ‘In essence, the frequency dependence
of conventional thermo-optical measurements in static samples is very
| _similar to that of a low pass electronic filter. However, the

‘ measurement in ﬂowmg samples is‘more mterestlng Figure 35

presents the observed dependence of the thermo- optrcal signal with
respect to chopping frequency. _For}these partlcular experiments, the
sample stream is 2.05 *10* M amaranth in water at a flow rate of 0.4
mI/hr, and the sheath stream is water at a flow rate of 4 mi/hr. For

com)enience, the\da’ta are presented on a log-log scale. The solid sym.bols‘ :
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Figure 3-5. Plot of signal versus 'chopping frequency. Solid symbolé
'indicate the pump and probe beam alignment is optimized at a low
chopping frequency. Open symbols indicate the pump and probe beam

| alignmenﬁs optimized at a high chopping frequency.
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indicate that the pump beam and probe beam posrtron s optrmrzed at low

choppmg/frequency and then the experiment.is carried out from low

. frequency to high frequency without adjusting the position of the two

beams.‘First, the signal rises slightly from 10 to 50 Hz and then is

. essentially constant with respect to frequency up to 100 Hz. Above 100

Hz, the signal decreases precuprtously From 220 to 400 Hz the signal
demonstrates an inverse third order dependence upon chopping frequency.
Above 400 Hz, the signal appears to be lnversely proportronal to chopplng
frequency. Measurements above 600 Hz are very difficult because the

signal amplitude has decreased to less than 4 % of the maximum value.

| The chopping frequency data are influenced strongly by flow.

. Y

. The open symbols rndrcate that the pump beam and probe beam

posmon is maximized at high chopplng frequency and then the

experrment is carried out from high frequency to low frequency without’
adjusting the position of the two beams. First, the signal rises from 10

to 50 Hz, about 30 %, and then is essentially constant with respectto

' frequency up to 110 Hz. Above 110 Hz, the signal decreases constant!y In

© the particular data of figure 3-5, the pump beam is offset slrghtly

upstream from the probe beam; heat flows down stream, generating the

refractive lndex change in the vicinity of the probe beam. The very raprd'

.decrease in srgnal above a critical value, between 100 Hz and 110 Hz

T .regardless of whether the pump and probe beam ahgnment is optrmrzed
. 'f‘?x

at a low chbpping frequency or high chopping frequency, suggests that

| heat is not being transported efficiently between the pu'mp and probe

beams during the trme period in which the pump beam iHuminates the

sample
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Flicker (1/f) noise dominates low freouency measurements The
relatively high frequency roll-off in the thermo- -optical signal is
propitious in anialytncal applications. As the chopplng frequency |
approaches 110 Hz high backgro"und'noise associated with the line
frequency is ob'served. Not‘surprisinglyv,‘good signal—to-noise ratio is
obtained near the high-frequencyfcut-off of the system, typlcally 100 Hz,

in both experiments.

S
It

In measurements of the refractive index using the sheath- flow

cuvette, chapter two, the sensrtuvnty of the measuremént mcreased W|th g

the radius of the sample 'stream. Presumably, as the sample stream

increased in size, it interacted with a larger fractlon of the laser beam

resulting in the lncreased SIQnaI The sample size is mcreased by elther'vv"‘

increasing the sample stream ilow rate or decreasnng the sheath stream_ -

flow rate. A relatlvely slmple formula (14) may be used to estlmate the
sample stream flow rate based upon the ratlo ol‘ the sample and sheath
flow rates, equation 1.1. Slmllarly, the thermo- optlcal SIgnal lncreases
: llnearly with the sample radlus Data for the thermo optlcal srgnal asa
~function of sample radius produce Innear correlatlon coeffrcrents ranglng
from 0.998 to 0.967 over the range of radii from 20 um*’to 70 pm. Agaln

as the sample stream increases in radius, the heated sample lnteracts |

" with a larger fraction of the probe beam, lncreasmg ‘the slgnal

‘ L o
Calibration curves are constructed for amaranth dlssolved in both

methanol and water for different sample stream radn Methanol produces

better performances than water'in thermo optlcal measurements ln this

49

system, samples prepared in met_haaol and analyzed with a pure methanol |

oy



solvent result in concentratio'n detection limits whicn are an order of
magmtude supenor to detection limits produced for aqueous samples and
‘water sheath stream. lnterestmgly, one calibration curve was '
constructed using water as the sheath stream and methanol as the sample
stream. The detection Ilf:«ut IS vegt poor for this mixed system, roughly an
order of magnitude poorer thga the results.obtained for the aqueous
sample/aqueous sheath system Presumably, the larger refractlve mdex
dlfference between pure water and pure methanol resulted in increased
sensitivity to noise proportlonal to the probe laser mtensnty To obtain w@»
| high precision absorbance measurements, it is necessary to utilize

sample and sheath streams which are very similar in refractive index.

Detection limits obtained for the sYstem con'sisti‘ng of methanol
sheath/methanol sample solution are sUmmarized in table 3- 1. The
callbratlon curves are Ilnear r > 0.999, over the concentratlon range
studled and the cgncentratlon detectlon limits, 2 o, for amaranth, 1.1 to
1 6 107 M, correspond to about 10 parts per bl”lOl’l of analyte. Although
the sensmvuty and concentration detection I|m|t of the thermo-optical
technique mcreased llnearly with sample stream radlus the absorbance f
detectlon hmlt defined as the product of analyte concentration with /
molar absorptlvuty with- sample»stream diameter, remalned constant for ;o
the three sets of data. Since the background noise increases
proportionately with sample stream diameter,a nolse source proportional
to the sample stream absorbance must dominate the experiment. One
_ obvuous source of background nonse is fluctuatrons in the sample stream

radlus vanatlons in sample flow rate would produce
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variation in sample stream radius. As noted above, the sensmvrty of: the
measudrement is proportional to the sample stream radius. A very hrgh o |
precnsnon pump may be required to drive the sample stream to produce :

very high precision measurements of sample absorbance. o -)." ey

These absorbaqce detectlon limits are very srmtlar to those obtalned
for other thermo-optical absorbance detectors For example
thermo-optical absorbance determmatlon ina 50 um diameter caplllary
tube produced detectlon limits which are a factor of two supenor to .

those reported in’ thls}_,manuscrrpt (15). Presumably, the rigid sample

capillary tube represents a slightly better sample container than the

’ hydrodynamlc flow of the sheath-flow Cuvette; also, the sheath stream

helps to decrease the temperature rise in the sample stream On the other
hand, the ellmlnatlon of any contamination of the sheath flow cuvette
wmdows will be advantageous in a number of analyses deallng with

viscous or strongly adsorbing materials. -

Lastly, it should be mentloned that very low power lasers were
employed in this experiment. The temperature rise induced by absorbance
of light is proportional to the pump laser:power; use of a higher pump
laser will produce roportional increase in sensitivity (15). Itis
expected thdt a pump laser of a few hundred millwatts power will
produce absorbance detection limits Wthh are in the order of 107, At
| that detection limit; absorbance by the solvent will generate a
significant background sugnal (1 5). In conventional thermo-optical
techmques solvent background absorbance will produce a propomonal

noise source which limits the ¢ precrsnon of the' measurement itis not
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| possible to measure a change in absorbance which |s Iééé than a percent
of the background absorbance. If the thermo-optical signal is generated
by the interface of the sample and sheath streams, thén background
'signals produced by. the témperaturé rise in the solvent should proc?uce an
- identical refractive index cbgngg in both the sample and sheath streams.
By méasUrihg the refractivé index difference between the sample and
sheath streams, sensitivity to refractive index changes which are

<&

common to.the two streams is eliminated.
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(Laser-Induced Fluorescence Detection Using The
Sheath-Flow‘Cuvette)

1. INTRODUCTION
1.1. Introduction to fluorescence -

Whena quantum of light impinges on av molecule, it is absorbed in
about 107" sec, and a transition to a higher electronic state takes place.
This absorption of radiation is highly specific, and radiatlon ofa
particular energy is absorbed only by a characteristic structure. For
organic molecules, the electron is raised to an upper excited singlet

”

state, S,, S,, etc. The absorption transitions usually originate in the

lowest vibrational Ievei of the ground electronic state, as shown in

figére 4-1.

An excited molecule can return to its ground state by a combination
of several steps. As shown by the straight vertical arrows in figure 4-1,
- two of them, fluorescence and phosphoresce?\ci, involve the release of a
P

photon of radiation. The other deactivation ste ; indicated by dotted

1. A version of this chapter has been pubhshed Cheng Y.F,;
Dovichi, NaJ Fluoresoenoe Detsction Il, E. Roland Manze!

[ o [POREI N



Figure 4-1. Schematic energy-level diagram for a photoluminescent

process.
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‘arrows, are radiationless processes, responsible for the thermo-optical

measurement of chapter three.

Internal conversion through overlapplng vibrational levels is usually
more probable than the loss of energy by fluorescence from a higher
excited state. In solution, the excess vibrational energy is immediately
lost as heat through collisions between the molecules of the excited
species and the molecules of the solvent. This relaxation process is so
efficlent that thelaverage lifetime of a \)ibratlonally excited molecule is
10"'2 second or less. As a consequence, fluarescence from solution
almost always involves a transition from thelowést vibrational level of

an excited state to the ground state. Under these conditions, the -

fluorescence would be of wavelength A, only, regardless of whether the

excited wavelength is A, or A,. Since the electron can return to any one

| of the vibrational levels of the ground state, several closely spaced

peaks are produced. The fluorescence is of longer wavelength than the “

excitation wavelength Typlcally, the lifetime of>fluorescence is 10 to

- 10 second.

.
The phenomenon of phosphorescence l,nvolves an intersyst_em
crossing, in which the spin of an excited electron is reversed and a
change in multiplicity of the molecule results. Intersystem crossings are
common in molecules that contain heavy atoms, for instance iodine or
bromine. The presence of péramagnetic species such as oxygen in

solution also enhances intersystem crossing and decreases fiiiorescence

57
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Radiationless transitions to the ground state from the lowest
excited Single_t and triplet states, figUrev 4-1, involve internal conversion
‘and external conversion, in which deactivaﬂtion of an excited electronic:
state involves interaction and energy transfer between the excited .

molecules and other solutes or the solvent.
1.2. Fluorescence quantum yield

Every fluorescent molecule possesses a characteristic property that
is described by the qUantum yield, or quantum efficiency, ®, which is

defined by:

number of molecules that fluoresce

o ' o e a1y

total number of excited molecules

The higher the value of @, the greater the fluorescence of a compdund.

1.3. Fluorescence'intensity and concentration |

The relation between-fiuorescence intensity, F, and concentration, c,

ic Aiven k-



F=1,®(1-1023%)

where @ is the quantum yield, l, is the incident radiation power; a and ¢

are the molar absorptivity and concentration of the molecules,

respectively; b is the path length of the

ot

and abc is ‘th'e absorbance A.
This equation indicates that th

e factors other than
concentration that affect the fluoresc |

1. ;rhe quéntum yield, ®. The greater the value of@?the higher - “\\
~will be the fluorescence, as discussed in the prévious section.. \
2: The infensityc Qf incident radia'Eion. A more intense source

will yield highéf fluorescence as long as neither
-photodecomposition nor saturation of the sample occur.

|
3. The molar absorptivity of the fluorescent molecules: In order

\
‘to emit radiation, a molecule must first absdrb radiation. The \
higher the absorptivity, the greater will be the fluorescent C
intensity of the\comp‘ound.

For very dilute solutions, abc = A < 0.05, equation 4.2 reduces to:

F=Kl,®abc L



only through a\ted aperture Thus, for very dilute solutlons the

fluorescent intensity is nroportional to the concentratlon and pathilength.
14. Excitation:$pectrum and emission spectrum

All fluorescent molecules'have two characterlstlc spectra the
exc:tatlon spectrum, which is dugato.the relative effncnency of dlfferent
exciting radlatlon wavelength and the emlssuon spectrum Wthh is due

to the relatlve lntensrty “of radiatidn emltted at various wavelengths

The shape of the excifation spectrum should be identical wrth that
- of the absorptlon spectrumrand mdependent of the wavelength at whlch
fluorescence is measured The emrssron or fluorescence spectrum ofa.
compound results from the reemlssron of radlatlon absorbed by that.
molecule The quantum yleld and sl‘T‘ape of the emrssron spectrum are
/ ; mdependent of the excitation wavelength If the exciting radlatlon is not
— \ at the maxnmun excitation wavelength, less radlatlon energy will be
absorbed and hence less fluorescence will be emltted
The eXCltatlon and emission spectra will be—approxlmate mirror -
lmages of eaéh other Fluorescent peaks other than the mh%rror image of

the excrtatlon spectrum lndlcate scatter the presence of 3mpurltles or

a srgnlflcant geometry change from the ground to excuted state.

Transmlsslon of radiation in matter can be plctured asa momentary
retention of the mcrdent energy, which causes a momentary polanzatlon
Mr Polanzatlon is then followed by reemlssron of radiation in



‘all d.i‘r"ections as the matter retprns to its original state. This emitted
light is called Ra)'/leigh scatter (1) and occurs at all_wavelengths. Its
intensity varies as the fourth power of the frequency, o] its effect can
be minimized by choosing longer excitation wavelengths. Anothertype of
scattering emission is Raman scatter (2-4). Raman scatter differs from

~ Rayleigh scatter in that the scattered radlatlon suffers quantlzedl

| frequency changes These changes are due“to the vibrational energy level
transrtlons occurlng during the polanzatlon process. These bands are fiue
to vnbratlonal energy being subtracted from, or added to, the excitation
photon The Raman scattering intensity is much weakerthan Rayleigh

s scattermg but becomes sngmflcant when high intensity sources are

o4

. used.

The relatlonshlp between the fluorescent band and Rayleigh and
Raman scatteripg is shown in flgure 4- 2 for fluorescein. The exmtatlon ,
‘wavelength is at 488 nm. The fluorescent signal for fluorescein is shown
by a dotted llne and Raman scatter for water is shown by a solid llne The -
. Raman scatter is centered at about 580 nm due to symmetrlc and“ ‘ |
. asymmetr'c stretching modes of water (5) The Rayeigh scatter occurs at
'the same wavelehgth as the excrtatlon wavelength 488 nm. | .
1.5, Structure effects* |
_in general strongly fluorescent molecules are governed by the
follownng factors _ ) . |
1. Because fluorescence is. sumply the reverse of absorptlon it

fOIIows that the more probable the absorption transmon, the more
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vy - w

A excite (488'""")

¥

- Relative lntenSity"(%)

480 580 . - egp

~ Wavelength (nm)

Flgure 4-2 Fluorescence spectra of fluoresceln ShOWn dsa dot'ted lln,e
cat = 488 nm. Raylelgh scatter (not shown)%eurs at“the same
, wavelength as the excitation wavelength 488 nm Raman scatter from
~water is shown as a solid line. The band centered at about 580 nm is due-
to symmetric and asymmetrlc stretchmg modes of water molecules

- (Modifi ed from Walrafen, G. E. J. Chem. Phys. 1964, 40, 3294)
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probable will be the fluorescence transition.

2. The power of the mcndent radiation should be reasonably hlgh as
long as no photo-dissociation oceurs. _

3. The electron that i Is promoted toa higher level in the absorption
transition should be located in an orbital not strongly lnvolved in.
bonding. Otherwise, bond dissociation may occur. |

4. The molecule should not contain structural features or functlonal

groups which increase the possibility of radlatlonless transitions.

Bons there are no n- bondlng or nonbondlng
electrons thus all electronlc transitions involve o-bondlng electrons

These transitions involving o electrons occur at very high energles and

' sugnmcantly dlsrupt bondlng in the, lnolecule In many aromatlc -

molecules excntatlon of the flrst ( n, 1t ) smglet is strongly allowed

& S
. (molar absorptavnty a, >10%), whereas populatlon of the (n, n* )singlet

is forbidden ( a |s only about 102). Also energy dlfferences between the

first excnted smglet and the lowest triplet are frequently much larger
A ) ,
for ( =, )than for (n, n* )transmons ThlS energy dlfference -

mcre'asec the mtersystem crossrng and decreasesthe fluorescent R ¢
Jntertsrty ' '

&

In summary, aromatic hydrocarbons are often very mtensely

at

fluorescence :
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1.6. Environmental effects

Environmental factors can strongly mfluence the ﬂuorescent
mtensrty The effects of some of these variables are consrdered briefly
in this section. |

a.Temperature and solvent effects

The quantum yield of fluorescence by most molecules decreases
. wrth increasing temperature because the mcreased frequency of °
| collrsrons at elevated temperatures improves the probablllty for
deactlvatlon by external conversion. A decrease in solvent vnscosrty also

: mcreases the external conversuon and leads to the same result

In most polar molecules the ‘excited state is more polar than: t,he |
* ground state. Hence an increase in polarity o.f the solvent produces a . |
. greater stablllzatron of the excited state than of the ground state.”
Consequently, a shlﬁ Inboth absorbance and fluorescence spectra to
-longer wavetength (red shrft) or lower energy, is usﬁally observed as the

‘ dlelectnc cons«tantdtthe solvent mCreases e Q,

-

Heavy atom solvents usually mduce a srgnrfrcant decrease in
fluorescence quantum ylelds and a concomrtant mcrease in the S - T

mtersystem crossung (6- 7) due to orbital spin mteractnons resultmg in

- anincrease in the rate of tnplet formatlon



&

b. pH efects

The fluorescent spectra of most aromatic compounds containing
acidig, lias

' ,funCtiona'l gr0ups are sensitive to the pH of the solvent. -
| for the |o_~ %edrand nomomzed fprms of the compound For instance, the

pKa ofe haphthol is about 9. ‘5 at the gro&nd state. l °.pt
G

sfollows
L o HFl + hy_ "’fi CFF +hv, ,
o® , 21 . _ 4, TS L
’: .uy ' . 1 ’ B . . 4 . th .l
HF% hv —»  HFI" = < S N l‘r
e N, v - v

v ¥ o » _
Lz HFI ORI

~ The steps in this reactlon sequence were explalned as follows

R Absorptron of radrant energy to produce the excrted molecule

In thls case, the neutral molecule form, HF, predomrnates at
pH <9 5.

B

S

2 Deactrvatron of the excrted molecu,le molecule, HFI*, by
molecular fluorescence at358ném. |
- 3. Radratlonless deactivation of the excrted neutral molecule

' 4. Dlssocratlon of the. excrted molecule producrng a proton H*,

and an excited anion, FI™.

x.;%,y' llbault( )
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5. Deactivation of the excited anion, FI™*, by fluorescence at 429
nm. '

3

6. Radiationless deactivation of the excited anion. ' S

<
"

" Thus;, knowledge of the equlibrium constants for excited state
protolysrs coupled with knowledge of the relative fluorescence

effrcne‘lncues of the two protic forms, can be great value in enhancing the

fluorescent sensitivity (9). 5

. €. Quenching effects

4 .

An excited fluorescent molecule may lose partor all of its
excitation: energy, without emrssnon radiation, in a collrsron with

another molecule. This process is called quenchlng Fluorescence ,

' quenching, by a dissolved 0, molecule for lnstancewcan be a serious

. problem. -

Mechanisms which have been proposed for the quenchmg of

; excuted s‘l'lglet states by O, are the follownng (10)

1 Chemlcal oxldatlon ofexcrted snnglet ' e

-

A" +O —>A++O y

2 Energy transfer from Uy to O
'A"+20, TN 'o,’
By +3O @ + 02’ v

" 3. Enhanced intersystem crossing in A"

66



ST | b 8T
- R \' o v - . . ' L .
'A +%0,—°%A +%0,
"W
4 Enhanced rnternal conversion in 1A% 1A +3O - ’A+302

5 Formatron of a COmplex between O, and the ground state 'A.

: “The promoted mtersystem crossing and conversion of the excited
molecule to the triplet state in the presence of/oxygen is the only

lplausrble ge_neral oxygen—quenchlngﬂprocess (11).
1.7. Background signal_ in laser induced fluorescence

- Laser mduced fluorescence (LIF) is known for the productlon of
superlor detection limits in chemical analysss th%capabllltles of LIF
extend to'the ultlmate quantitative fimit of srngle molecule detection
(1 2-1'3)7. The excellent'detectioﬁ’ﬁmits for flLorescence arises gecause
“the signal is observed on a very small background s0 that high extcitation
|ntenS|ty may be employed Wlthout a significant increase in background
sngnal and noise. : : . S - L

However n{atUre conspires never to prodUce auze‘ro background - . -‘
signal. Sources of background sugnal in fIUC'escence measurement have
been Ilsted by Parker: solvent (and solvent mpunty) fluorescence,
solvent Raman and Ralelgh scatter, wmdow fluorescence and wnndow

Raman and Raylelgh scatter (14) .

Solvent”fluorescence is minimized by an appropriate choice of
~ excitation wavelength. For example, no common solvent produces
- ’ .

) fluorescence upon exc»it'ation in the visible portion of the spectrum since .
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N

A

j '~common solvents generate no electromc absorbarice in this portion of the
spectrum Solvent impurity fluorescence Is eliminated by use of solvents

with the hlghest purlty (15). - 3

B q_‘:} |

Solvent Flaman and Rayleigh scatter ‘may be mmlmlzed by two
approaches one S|mple and one complex. Rayleigh scatter is generated at

-the excitation wavelength and may be reduced by over 5 orders of

filters, usually constructed from combmatrons of colored glass. a‘mt
long-wavelength cut-off lnterference fllters Ideally, analyte
fluorescence undergoes a larger Stoke's shift than the highest energy
Raman band of the solvent; a snmple colored filter is suffncsent to reject \
the scattered llght while passmg the fluorescence More generally, / o
.Raman scatter overlaps to some extent w;th fluorescence a compromts\ ]

solvent

must be made between passmg fluorescence and reje |

scatter.

Tlme gated detectlon IS a more compllcated technique: for the
'reductron of Raman and Rayleigh scatter (16): In time gatlng llght from a
pulsed excrtatlon source, usually a mode locked laser is'used to excne
the sample. A fast dlscnmmator rejects photons that are produced
comcudentally wnth the laser pulse but passes photons produced after
the laser pulse. Raman and Raylelgh scatter are instantaneous processes
and fluorescence has a. flmte lifetime as mentloned in section 4.1; time K

gating decreases the background signal by several orders of magnltude
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Light scatter and fluorescence from the cuvette wundow may be
- minimized entirely by use of a wmdowless cuvette (17). Here, a drop of
analyte is formed between the exit- of a flow tube andarodplaceda
small dlstance from the tube. Without windows, nerther fluorescence nor
Raman scatter are generated in the cuvette. Unfortunately, the flowmg
droplet design suffers two disadvantages. First, the shape of the drop
changes with variations in both surface tension and viscosity of the
solvent. Because the quorescenCe is imaged through the curved surface
of the drop, changes in the drop shape produce a corresponding defocusing
of the detector system. A second and more important ,t,_imitatiOn of the
flowing drop design is also associated;witrvthe curved aif to droplet
interface. The surface acts to scatter excitation Iivghtv in a fan about the
plane p'eroendicular to. t’he surface of the drop This scattered Iight is a
significant source of background srgnal and is d|fflculf‘fo ehmunate
completely with spectral filtering. ‘ S \
The sheath.flow cuvette may be used to eliminate background
: ~’S|gnals assomated with the Cuvette w:ndow (13 18-21), fngure1 1. 1n.
this cuvette a sample stream-is 1nJected at low flow rates |nto the
~ cehter of a flowing sheath stream in narrow, -typlcally 250 Hm square
flow chamber The sample stream retalns its ldentlty as a narrow stream
tlowmg in the center of the chamber, surrounded by flowing sheath #uid.
A snmple mask may be utilized to restrict the field of view of the
detector to the illuminated sample stream, reducing the background_
sig\nali associated with the \\arvindo’ws. Furthermore, since the sample and

sheath streams have virtua'ily identical refracti_ve inde)ées, no light
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_ | scatter signal i is assocuated wuth the mtersectlon surface of the two

streams.

2. EXPERIMENTAL

2.1. Instrumental
‘ The experimental configuration of laser-induced fluorescence using

the sheath-flow Cuvette for neat sample solutions i Is shown in figure

' 4-3. An argon ion laser usually produces a one watt beam in the light

regulated mode at 488 nm. This beam is focused with a 18 mm focal
length lens (7x) into the center of the sheath- flow cuvette, Ortho Model

300 051100. The sheath stream is introduced by a hrgh pressure -

: chromatography synnge pump, Isco Model 314, whereas the sample

' ~Stream i is provided by a low pressure synnge pump, Razel Model A-99.

Ty

,t"T jr'.l‘

‘ “ /The fluorescent sngnal |s magnlfled at nght angles with a
mlcroscope (described in deta:l later) and.then detected by the 1P%8
photomultlpher tube (PMT). The output of the PMT is then displayed on a
dlgltal multlmeter (DMM), Kelthly Model 1 95/1950. The dotted line
represents a black box employed to minimize the introduction of any
stray llght or room light to the PMT The cuvette, mlcroscope and PMT are
mountedcn the two or three dimensional r micrometer translatlon stages-

to allow convenlent alﬁnment
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Figure 4-3. Experimental diagram for laser-induced fluorescence .

detection using the sheath-flow cuvette for neat sample solutions. HV is

a high voltage supply, PMT is a photomuiltiplier tube, and DMM is a digital

multimeter.
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The confrguratron of the mrcroscope is shown in detail in frgure 4-4.
lthasa 16 mm focal length mrcroscope objective (18x, 0.45 N.A. ), Melles
Griot, and a 20x mrcroscope eyepiece. Two filters are placed in the .
optical traip after the objective' a 500 nm long wavelength pass colored
 glass filter (Schott glass type GG 495) and a 560 nm short wavelength :
pass interference filter (Ealrng 35-5404) to reduce Raman and Raylergh
light scatter from the solvent, discussed in section 1.4 and 1.7. A 200
um radius pin hole i is placed in the reticle position of the eyeprece to
Block scattered llght from the cuvette walls and to maximize the ratro
of fluorescence from the molecule to the background sighalin the probe

volume.

2.2. Chemicals o /

<

s

" All chemicals are reagent grade or better. wA stock pH 7, 0.02 M
phosphate buffer solution is.prepared in water which is doubly distilled, .
derbmzed, and frltered through a 0.2 um millipore prior to use. Stock
solutrons of pH8.6, 0.2 M carbonate buffer are prepared in the aboves
water. All buffer solutions recelve two drops of chloroform to prevent

them from growing bacteria. Also, a stock solution of 5.29* 107 M

. fluorescein in pH 7.0 phosphate and a stock solution of 4.24 * 108 M

‘/ FITC-1in pH 8.6 carbonate buffer solution are prepared.

oy

3. RESULTS AND DISCUSSION

Fs

-

To characterize this instrument, neat sample solutions, FITC-I in
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" 0.2M pH 8.6 carbonate buffer solutionror fluorescein in 0.01 M pl—l 7.0

phosphate buffer solutrons are introduced lnto the sheath-flow Cuvette

\.

by a low pressure pump and-a sheath stream is introduced by a high

pressure syrrnge pump

¢ b

N Frgure 4-5 shows the quorescent signal at dlfferent argon ion Iaser
- powers. The sample stream, WhICh is 4.24 * 10710 M FITC-lin 0.2 MpH
| 8.6 carbonate buffer SOIVUtIOl'l, is kept flowrng by a low pres_sure syringe

o pump at1.2 ml/hr With a Sheath stream flow rafé at 36 m/hr. The

o sugnal rs Ilnearly proportlonal to the laser power from O 4 watt to 1 2

U '_"_watt WhICh rs COnsrstent wrth equation 4 3 and mdrcates that the

‘ff,.fluorescent srgnal |s proportnbnal to the rntensrty of mcrdent radratlon | ;
The abrupt mcrease in signal-when the laser power is beyond 1.2 watts
,may be due to a change in the beam position, rncreasrng light scatter. For
prolonged performance of the laser.and to prevent photodecomposition or
increased scatter lrght all the followrng experlments are performed at1
watt The non-zero mtercept is due to PMT dark current.

Figure 4% presents the fluores'cent sig&al at differe'nt saﬁ‘ple radii
based upon estimates from simple hydrodynamlc theory, equatlon 1- 1
The. sample stream is 4.24 * 10 M FITC-lin 0. 2 M pH 8 6 carbonate
- buffer at dlfferent flow rates ranging from 0.4 ml/hr to 4. 1 ml/hr and
the sheath stream is kept constant at 36 mi/hr. The s:gnal lncreases 5 B
linearly from zero radrus to about 25. um radius and then reaches a
plateau. That the fluorescent srgnal rncreases with the sample radius
agrees with equatlon 43, mdrcatmg that the fluorescent signal i is

proportronal to pathlength. At sample ra_du beyondk 25 um, the sugnal_.
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does not increase due to the pinhole wghe optlc train blockmg the signal.

The non-zero intercept is due to llght scatter

) Callbratron curves (r all greater than O 999) are constructed from
s \?’the above experlmental conditions at four drfferent sample radu The
sample concentratrons for this particular experiment range from 4.24* | ,
1070 M t0'4.24 * 10° M. The estimated detection limits (D. L), at 3 times
' 'background noise, for the above experiment are shown in frgure 4-7.
Clearly,_ better detection limits are obtained at relatively larger sample

radii. This is the same concept as explained in the previous experiment. .

| ‘Neat fluoresceln solutions are introduced into the sheath-.flow
| cuvette at'a sample flovv rate of 0.4 mi/hr and a sheath stream flow rate
.of 36 mi/hr. The sample stream radius predlcted by simple
hydrodynamic theory, is about 10 um Under these flowing condrt:ons the
analyte concentration detection limits, at three times baokgound norse
B are. 'l 25 107 12 M (1 00 parts. per quadrrlllon) wrthln a 10 um radlus ora
nominal 6 pl probe volume Within the probe volume, on average only 7 5*
102 mole or 4.5 analyte molecules are expected at the detectron limit.
This concentration detectron lrmrt IS about an order of magmtude poorer

than that reported earlrer for rhodamrne 6G (19). The major llmltatron of

&

»rff.the current mstrument is the mrcrosc0pe objective utilized to collect

S the ﬂuorescence \The 0.45 NA .;'bjectwe collects about 5.3 % of the

emltted llght wheras the O 60 NA objectlve used in the early w0rk is

expected to collect 10 % of the emrtted light. lmprovemeht san;:,

N S
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Figure 4-7. Detection limits vs 'sample radius.
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.’co'llection effiency, sp" :tterlng, and photomultrplrer quantum yreld

" should generate detectron limits near 10° 13\ fluorescem _ P

It wnll be rn“terestlng to consrder the sheath- flow cuvette for -

. mjected plugs of sample in capillary zone electrophoresrs Although the

caprllary zone electrophoresus

cuvette hasbeen used as a’ detecto cell for both ﬂow injectian. analysrs '

| and quurd chromatography (18 22- 23) it as not been apphed to

The fluorescem lsothlocyanate (FITC) derivatives of amino acrds

"peptrdes and proteins possess absorbance and ;}sron spectra which
are srmrlar to that of fluoresccem figure 4- 2 It appears that detectron

limits approachmg of below one attomoie are possrble for capillary zore |

electrophoresrs usrng laser mduced fluorescence detection in the S

sheath flow cuvette. The determmatlon and separatlon of FITC
N

} 'deruvatrves of amino acuds for thrs applrcatron wrll be drscussed i

detail in the nextchapter oo
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. CHAPTER FIVE
ORE IREME

(Laser—lnddced Fluorescence'Dete_ct_ion Using The

| _Sheath-Flew Cuvette For Capillary Zone Electrophoresis)

~

- {

1. INTRODUCTIOE
1.1. Capillary zone electrophofesi§ (CZE)

Electrophoresns isa powerful technique for the separation and
N anaIySIs of charged substances within a fluid medlum under-the mfluence
ofan electric fleld The chglged componen‘ts may be protems
‘ polynuc|eotndes, peptldes, amino acids, or other molecules. When
su‘spended in an aqueous solve»n’t rnost partic\es will ”become either

posmvely or negat:vely charged The sign and magnitude of the charge

- -", depends upon the nature of the partncles and the solvent | used Mngrattoni PR

‘of the ion takes place towards the appropriate electrode when an

electric field is applied. leferent types of partacles are likely to exhibit

different migration velocmes dependlng upon the sugn and magmtude of -

their charges. This method thus permits the separatlon of different types o

4

. _ \
.of particles. - \))

. 1. Aversion of this chapter has been submitted for publication.
- Cheng Y.F. and Dovichi, N ‘i; -Science.
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Lmus Paulmg et. al. (1) used this techmque to find that the

Bolobin of patlents with sickle celLanemra has a different

phoretrc mobrhty than that of normal hemoglobm Smce thls
abnormality is heredltary, electrophoretlc studies becéme of great
interest to geneticists. Thissis one of the most exciting apphcatnons of
electrophorests/m meducal research o e

*y

“

~ Capillary z ne electr phcresis (CZE), first demonstrated by /
Mikkers et. al. (2) and rgenson and Lukacs (3),is characterized by

high resolution, low sample consumption, good mass sensitiviry and a
rather snmple and effective design. Because of the combrned actlon of
electro-osmotic flow with electrophoretlc separatidmy all spemes travel
in one direction, allowing detection of posmvely, neutral and negatwely

charged specnes ina smgle run.

In this techmque as shown i ln flgure 5-1 sample is normally
~introduced as a narrow zone at the positive end of a caplllary filled with
buffer solutlon As the electric field is apr " A, the whole zone follows
the electro- osmotlc flow along the capillary tubing toward the negative

- electrode’ at the detector end. Each specnes begms separatmg accordmg
to its own eiectrophoretnc mlgratscn All spec:es travel in one dlrectlon
allowing detectlon in the sequence of positively charged, neutral, and

then negatlvely charged species at the detector, negatlve end.
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Figure 5-1. Schematic diagram for capillary zone electrophorésié.
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1.1.1 Transport mechanism ;

In CZE, the item of interest is the rate of mlgratlon of the analyte
The rate of migration, electrophoresrs is a function of net charge size:

: and shape of the particles, and retarding factors such as v:scosnty A
neutral particle should not mrgrate However a llqmd flow oocurs |
lnduced by the applled electnc fleld Wthh causes all specues to mlgrate

~inthe same direction. Thrs process is known as electro-osmosrs The
followmg sectlons will brlefly dlscuss~the zeta potentlal and electnc ) “

double layer, electrophoretic mobility, and electro -osmotic flow.

——

a.
Y

1.1.1.1 Zeta potential (¢) and elec_t_ric“double lay_er . v.?
- The electnc double layer deals wrth the structure of the boundary
between two phases and isa spatral formatlon wrth anon- homogeneous
_dlstnbutlon of charges that onglnates asa result of polar adsorption. =

‘ The flxed charges of one phase plus the relatlvely mobile counter ions of

the other phase constltute the electnc double layer 1tis the potentlal at

thlS Ia\er that governs the electrophoretlc moblluty of the partlcle and

s called the zeta potential (g) (4-5)

1.1.1.2 l’;f_lectr_ophoreti’c mobility (u,)) © . e

Af a partlcle has a net charge of Q and if E is the electnc fleld

,» strength /fﬁe*fog;e producmg electrophoretlc mlgratlon*rs EQ. T he




'..,"

| partlcle wrll therefore attarn a termlnal velocnty such that the fnctlonal .

i resrstance of the medrum in whrch it moves just balances thg electncal

| force The resrstmg force is grven by. Stokes Iaw F 4 T a M Ve for a |
A -

sphencal partucle where ais the partlcle raglus n |s the vrscosrty of the

medlum and Ve |s the partrcle velocrty Then electrophoretrc mobility o

7

(p’ep) ‘which is velocrty in unit field; is grven by s f ﬂ

. b
v . . : . -
(R . - B . \
fa - . . .
: 4.

oV E=QUexna gy

Thus the electrophoretic mobility (4,6-7) is governed by the particle

size, medium yiscosity,' and net charoe.

- Further consndenng the electroptgretlc retardat|on it has been

shown by Henry (4) that the mobrlrty is. rela\ted to the zeta potentlal as:

. where C |s the zeta potentlal ofithe pamcle cis the dle ric

M

ron

' constant of the solutron and f(ka) vanes from 1 to 1 5, dependmo .
__the. drmensrons of ka. The expressron ka is the ratlo of- partrcle drameter

| ‘to double layerthrckness T ’
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1.1.1.3 Electro-osmotic flow (Hyo)

Electro-osmotic flow (4-5,8) in the capillary is due\ to the
‘migration of ions from the diffuse layer of the electric double layer at
‘ the caplllary surface under the influence of an eIectrlcal field imposed
tangentlally to the surface, toward the opposutely charged electrode. The
direction of flow depends upon the charge of the ions in this double layer.
~ Most adsorptron effects to the caplllary wall are dué to-anions, which
' convey a negatxve character to the wall surface Cat|ons being more
hydrated than anlons are less Ilkely to be adsorbed. So, the

electro osmotic flow moves Vtoward the cathode end. The

' electro OsmOtIC flow (i Z) is given by
Moo= Voo / E = Lymy€ /4 7m ‘ | " (5.3)

where Ve |s the electro osmotlc velocity for unit field, Cw I is the zeta

. potential (of the wall), e is the dlelectnc constant of the solution, and r
is the viscosity. Zeta pote»ntlals depend upon the nature of the solid
surface and the ionic state of the liquid. ‘

_ The electro-osmotic flow i IS dlfferent from lammc lo'r in an
‘important respect Lamlnar flow causes a parabolic velc - sty proflle

“which increases res:stance to mass transfer efficiency in a

' chromatographlc_system. In electro-osmotnc flow, the flow profile is



much flatter, and resistance to mass transfer occurs only near the wall,

that is, in the region giveh by the double layer thickness' (9).

1.1.2 Effect of pH on transport mechanism

~The effect of pH on the surface cha@e of a molecule depends upon
the type and num:per of ior{izable groups present. The effect of acidic and -
.basic groups of a protein, for instance, is that the protein "\'Nillshow a
net zero charge at the isoelectric point, p!, under a specific pH. BJOW
this pH the protein will have a net positive charge which will i mcrease
with decreasing pH, as wnll its moblhty in electrophoresis. Above the pl,
the protein will have a net negative charge and its mobility will increase
with increasing pH but thj's time in the opposite direction. Unfortunately,
-the correlauun between charge and electrophoretic mobility is very -
complex but the concept of pl values provides a useful guide to

electrophoretic behavior (10). -

The zeta potential of the wall, whfch piays an important role for
‘the electro-osmq'tic‘flow as s ,own in equation 5.3, decreases
gi‘gnificantly at Iow.ér pH, ar " the electro-o;smot»ig flow will vary
correspondingly‘v..Section 1.1.1.3 shows that the zeta potential of the
- solid surface is influenced by the nature of the solid surface and the
ionic state of the buffer solution. Jorgenson _and Lukacs have alréady

shown experimentally that the electro-osmotic flow generally decreases



as the solutuon pH is lowered because hydrogen ions lower the zeta

potential by neutrahzung anions at the sohd surface (1 1)

1.1.3 Causes of zone broadening in electrophoresis

Several factors causing zone broade'ning may be identified When |

consrdermg separatlon efficiency (N) in zone electrophoresrs Jorgenson :

and Lukacs (12-13) pointed out that they are:

1. Molecular diffusiown; Molecular diffusion will certainly cause

' zone broadening. ,

2. Sample concentration: It has been shown (2, 14) that rnigration
- velocity is a function of solute concentratron A regron of hrgh solute

‘ concentratlon changes the local conductivity of an electrophoretrc

.‘medrum causmg a change in the local potentlal gradnent Distortion of
the gradient leads to uneven\mlgratron zone asymmetry, and band
broadening. The solutlon to this problem is to keep the concentration of |
the sample low compared to the buffer solution. Typrcally, the sample

concentratfon should be less than 1 % of the buffer concentration to

' avoid excessive band broadenrng

3. Convectlon currentS' Unstable density gradients within the
separatlon medium, caused either by samples wrth a densrty dlfferent ‘
than the buffer or by Joule heatmg can lead to disruptive convective
flows. Theseﬁflows are generally mlmmlzed through the use of gels,

paper, or other stabilizers in the electrophoretic chamber. ,Unfortunately-,-

89



the ( use of stabilizers may mtroduce new causes of zone broadenlng such g

as both eddy mrgratron which refers to the fact that not all possrble

- ‘routes of mrgratlon through and around the stabrhzer will yreld the same

net migration velocrty and adsorptrve rnteractron between solutes and

o stabrhzers (3). 4

-
'_; M

Joule heat rs generated by the passage of electrrcrty through the

.buffer solutron Srnce heat is generated uniformly through the m}%’drum

' butis only removed at the edges of the separation compartment or gel, a

temperature gradrent arrses The temperature in the center of the system

will be higher than atithe edges The center ar‘ea is hotter and Iess dense,

’

- ‘and therefore results in convection currents Mlkkers et. al. sought to |
solve these convectron problems by performing zone eIectrophoresrs in
narrow bore tubes (14) Narrow tubes effrcrently transfer heat away

from the sample buffer, decreasing the temperature rise in the capillary.

1.1.4 Migration velocity and time, separatron effrcléncy, and

resolutuon
1.1.4.1 Migration velocity (v) and migration time (t)

Consider an electrophoresis system consisting of a tube filled

. 90

with a buffer medium across which a voltage is applied (15-16). Charged .

species introduced at positive end of the tube migrate under the

~
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mﬂuence of the electnc field to the detector negatnve end. The

mlgratton velocity (v) of a pamcular species is gnven by:
V= (o, +Roo ) /E =( Hep + Moo ) V/ L (5.4)

¥ where Hep is the electrophoretic mobility, Heo is the electro-osmotic

" flow, E is the elec.ic ‘ield gradient V s the apphed voltage, and’L is
the length of the tube The time, t, it takes an ion to migrate the entire

length of the tube is given by

t=L/v=L2/ (g +p, )V . ‘ (5.5)

This equation shows that the sep‘aration time is proportional te the
square of the lengthlof the tube and inversely proportional to applied

voltage, and also inversely proportional to the net electromigration,

uep + u'eo
1.1.4.2 Separation efficiency (N)

| If zone electrophoresis is performed in narrow bore tubes using
low sample concentrations relative to carrier electrolyte, Jorgenson and

Lukacs (1‘2) assume that molecular diffusion is the only source of solute

zone broadening. The spatial variance, ¢2 o o Of @ peak is given by:
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=2Dt | (5.6)

long . ' N

o2

)

* where D is the molecular diffusion coefficient of the solute"in the zone.

Substituting the expression for time from equation 5.5 into 5.6 yieIds.g

o ong = 2D L2/ (kg + 11,0 ) V | o B
The resulting separation efficiency, N, is then given by:
2
N=L2/c?
= (“ep + ) V /% D _ (5-8)

/

Several aspecis can be found from this equ'ét}ioﬂril :

1.Nis direc‘tl)"“/ proportional to the applied voltage, which'implies
that the usila of the higher voltage is desirable for h|gher

| separatlor/*n efficiency. |

2. Nis mdependent of the length of the tube and also independent -
of the aqalysns time. |

3.Nis proportlonal to the ratio of the sum of the electrophoretlc
mobllt¥ and electro- osmotlc flow to the solute diffusion

coefficient.
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-

It appears that high voltages applled to short tubes would give the .
greatest separatuon effrcnency in the shortest analysis time. However,
the heat deposit in the tube is inversely proportlonal to the tube Iength

squared use of short tubes leads to a large temperature nse

Normally, in an experiment the separation efficiency, N, is
. : . f

calculated by:

N=554 (1 /W, )2 o - . (59)

L,

. ¢ ' | |
whe'"re'tr is the retention time:(or distance) for the band; W1/2 is the

width of the band at half-height in time (or in distance).

© 1.1.4.3 Resolution (Rs)

~Jorgenson and Lukacs(12) also showed that the resolution between

] t_two peaks is given by the following equatlon

Rs =0.177 (B~ 1) [V /D (g + o) 12 o (5.10)

where u, and 1, are the mobilities of the two zones, and p_ _ is their
average mobility. This equation shows that the best resolution will be
obtained when the electro-osmotic flow just balances the average

electrophoretic migration.
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The most commonly used equation for calculating resolution, Rs, in

an experiment is given by:

trj-tri | o | .
Rs = : . " ' (5.11)
1/2 (Wtj + Wi)

~

where tris the retention tlme (or dlstance) for peakj triis the

retention tlme (or dlstance) for peak i, Wi i is the baselme b)wrdth in
unit of time (or distance) for peak j, Wh.i is the basellne bandwrdth in’

- uhit of time (or drstance)T_r peak i.
1.1:5 Practical limitation — heat generation

~ Section 1.1.3. shows that electrical heating and the establishment
of a parabolic temperature g!;adrent across the tube provides the
principal limftation to the use of high apphed voltages and short tubes

for electrophoresis.
The heat generated per unit time per unit length of capillary
-equals the electrical power dxssnpated per unit Iength of caprllary and ls‘

~ given by \17 18)

P/L~KCRVZ/12 L ~(5.12)



-~

where P is power, K is the r.'nolvar bondUctahce of the buffer, Cisthe
molar concentration of the buffer, r is the capillary radius, and L is the

capillary leng{h Clearly, both decreasing the column. radnus and -
lncreasmg the column length should have a sugmfncant effect on redyucing
the thermal loading and zone broadening.” @

1.1.6 Advantages of small diameter tubes

According to previous discussion, to achieve the highest

- » . i . ‘ ) N .
resolutions of zones, tubes with as small an inner diameter as possible

~ should be used in combination with as high an applied voltage as feasible.

To summarize, the possible advantages of performing _zone‘

electrophoresis in open tubes of small internal diameter are:

1. A stabilizing medium, which can cause eddy m_igration and

- adsorptive interactions with the solutes, i“s notolh“eceSSary.

2‘. The medium} is stabilized against convective flow by the wall
effect, due to the increased surface to volume.ratio; heat
transfer inside the tube is thi: improved. |

3. Detrimental effects of remailhjng temperature gradients are

_ minimized by solute diffusion back and forth across the tube.
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1.1.7 Detecto}slfor CZE e

The disadvantage of using small diameter capillaries is that 5
- detection is made more difficult. Highly sensitive detection without
causing any detector dead volume is required for the detection of the
eluting species in CZE. On-line detection has’ been achieved by means of
conductivity (19-20), UV absorbance (21-23), mass spectrometry (24),
fluorescence (3,25-27), thermo-optics (28), and electrochemistry (29). .
Among these, fluorescence and thermo-optical detection are the mest
sensitive detectors, producing detection limits of about 10'7 M for the
-dansyl and 'fluoreseamine derivatives of amino acids (26) and about '1 08
~ Mfor the dabsyl amino acids (28). This chapter shows that using the
laser mduced fluorescence for capnllary zone electrophoresis with the
sheath-flow cuvette as the detector cell provndes selectivity and high

sensitivity without degrading separation efficiency. B
Al \

1.1.8 Estimations of injection volume, concentration at peak

maxlmum? and ggatéétion limits.
1.1.8.1 Injection volume

There are three methods for introducing sample into téiaiillary
tube for capillary zone eleEtrophoresis: electromigration (3), gravity

~injection (19,21), and rotary type injection (30). The present work

/

<a
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}

. employs the first technique due to its relative ease and effectiveness. J
With this method the samples are electro -osmotically introduced into
the caplllary by inserting the tubing into the sample vial and applying a

constant voltage during a certain time. Thus, sample components are
introducéd by both electro -osmotic flow, Hq,» @and electrophoretlc
mobility, p’ep‘ The latter generally depends upon the charge and sizé of
solute, equation 5.1. Hence, the amount of each solute injected is

determined by}\e nature of the solute. The injection volume, Vinj, can be

esti mated—b{/:

Vinj = Veor (55798 (HVi/HV,,) - L (5.13)

. - and:

Vog=nriL (5.14)

+ where V_;is the volume of the capilary, HV,, is the high voltage applisd
to the_injection, HV,, is the high voltage applied to the electrophorésis, -
t IS the mjectlon time applied at HVan . is the retention time of the

'analyte at HvV oo’ T l$ the radius of the cap\llary, and L is the length of the

capnllary
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N
\

1.1.8.2 Concentration at peak maximum

The injected solutes® become diluted during the electrophoresxs@“

process The concentration of the analyte at the peak maxumum Cp z

lower than that of the solution at the pomt of lnjectlon C and the

relation is given by (3‘1).

ci/cp-.-(zn/N)”?yr‘/vmj j - ,' (5.15)
and:
Vo=vit | | (5.16)

where V{ is the reténtion volume, N is the number of the theoretical

plates, v is the volumetric flow rate of the mobile phase, and t is the

retention time for the analyte. -
1.1.8.3 Detection limit

The Am,_erican' Chemical Society's Subcommittee on Environmental
‘Analytical Chemistry defined the detection limits as the analyte -
concentration that produces a peak having a height equal to three times.

the standard deviatic/m of the baseline noise (32). According to Knoll (33),



. : ¢ :
the estimated concentration detection limit, C op for chromatographic @

peaks is given by:
Clob = Kiop ha G/ hy | - (5.17)

where h_is the largest noise fluctuation observed in the noise
measurement interval, h /C is the analyte peak herght per unit amount
of analyte, and K, op is a constant, determined for the measurement

- interval employed. Values of KLOD , derived and given in reference 33, are

listed in table 5-1.

1.2, Fluo‘rescein-isothioc)ranate (FITC) derivatives of amino

acids

ln the present study, fluorescein- lsothrocyanate (FITC) I, figure
5-2 (B), is used to react with eighteen amino acids for the purpose of -
: ,;/y_\formmg fluorescent chromophores. FITC-I, which has a srmllanstructure
|  excitation and emrssron spectra as fluorescein, frgure 5-2 (A), has been

shown to be a useful reagent for attachlng the fluorescein chromopho*r
to the «<-amino acrd group of amino acnds peptlc es and proteins (34-39).
This method has an advantage over the 2 4—dmrtrofluorobenzene method
(40-41) and the phenyl-isothiocyanate method (42) inthat it has higher

- sensitivity and could also be applied to the sequential analysrs of

-

peptndes and protems :



' Peak width
. multiple

10
20
50

100 .

Table 5-1. Values of K_op for calculating C

1.4309

0.9194

06536

LOD*

100

t

19718
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Figure.5-2. A is the chemical stricture for ﬂuorTcein; Bis the
structure for the fluorescein- nsothaocyanate (FIT )

l. Both of them have
snmnlar excntatnon and emission spectra. |



%

: Ly The é’reaction mechanism for FITC ﬁwilth amino acids is similar to

that of Edman's phenyl-isothiocyanate reaction (42), shown below:

R . s R
| OH I ]
F-N=G-= S+NH -CH-C00" ——F-NH-C-NH-CH- coo

~
\

(FITC-1) (Amino acid) | (Fluorecein-thiocarbamyl)
' (FTC-amino acid)

It has been pointed out by Kawauchi et. al. that the thiocarbamylation
reaction is aﬁeeted by both pH and temperamre (36). It is best
performed in 0:2 M pH 9.0 sodium carbonate-bicarbonate buffer at
20-25°C. At lower pH levels the reaction is slower and at higher pH

levels side reactions occur. The main side reaction above pH 10 seemed

‘to be.a degradation of FITC to aminofluorescein.

2. THEORY -

v
4

Consider an electrophoresxs system using the sheath-flow cuvene '

as a detector cell for the capillary which is fnlled with a buffer medium,
and a voltage apphed to this system Charged species mtroduoed at the
posmve end of the tube m:grate under the influence of the electnc fneld

to the cuvette's negative end. The main effects of the sheath flow on

1'62
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separatnon efficienc:’ can be-rationalized in terms of a back pressure
during the electromlgratlon The flow of the sheath stream is pressure
"based, which is laminar'in nature due to frictional forces. The magmtude
of the back pressure 'present in CZE is £ "oportional to the flow rate of |
the sheath. This back pressure in CZE increases the retention time,
decreases the net molecular migretion velocity, anc; distorts the flat

| electro- osmotic flow profile, therefore i mcreasmg band broadening while

the zones are still in the separation caplllary The net migration

velocity, Voer Of @ substance is given by:

L 4

(5.18)

sheath

Vet = (uep + Hgo) VIL-v
and:
aQ (5.19)

Vsheath = | | | &

where Hep is the electrophoretic mobility, Hq, IS electro-osmotic”

‘mobility, V is the applied voltage for the electrophofesis, L is the length

- +ofthe capillary, sheath IS the velocity which is produced by the effect of

NG ‘
the sheath stream during the electromigration inside the capillary, a is
- a proportnonahty constant, and Q i is the volumetnc sheath flow rate.

| These two equations predict that the net migration velocity increases '

with the applied voltage and decreases with the eheath flow rate.
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The time, t, it takes an ion to travel the entire length of the

capillary is given by:

[ amied

o | : | 5.20
t=L/vnet= . ( )

L |
o (5.21)
(“ep"' H )‘V/L- aQ
That is:
W= gy + BV @QL. ' (5.22)
‘ .

Equatnon 5.22 predicts that the inverse retention tlme should
| mcrease with the applied voltage and decrease with the sheath flow

rate.

Back pressure resulting from sheath flow modifies the separation

efficiency and resolution.%peak variance produced by radial diffusion

for laminar flow in an open tube, 02;,,83",, is given by (43):
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r2 v3sheath A
ehoath = 2 —— t (5.23)
48 D
where ris the capillary radius, and D is the analyte diffusion c;onstant..
" Therefore, the overall variance, ozoverall , is given by the sum of the
* variance due to longitudinal diffusion, oz,ong, and that due to sheath flow, -
: v - :
O'zsheath:'
F\zoverall = 0?k‘)ng + stheath ‘ ' : o (5.24)
Substituting equation 5.6 for longitudinal diffusion ahd equation 5.23 for
the variance produced by laminar flow into the above equation yields the
resulting variance: | A
re stheaf_h
Covera =2 [ D+ —— ]t | | (5.25)

48D

4

. A
d #

The resulting theoretical plate number, N, is then aiven by:



N = L%/ o2

ove

.

L[ (Bop+ Roo) VIL-a Q]

2[D+(rPa®Q?/48D)]

This formula predicts that‘Separation efficiency increases with the

applied voltage and decreases with the sheath flow rate.

Giddings (44) derived an expression for resolution, Rs, as:

<

N2 Ap

4 H
’.

where N is the number of theoretical plates, Ap / 1 is the relative

difference in mobility of the two zones being separated and 'is equal to:

¢

. Ap “1 “Ho

=1
= |

where p, and i , are the mobilities of the two zones, and p is their

106

(5.26)

(5.27)

(5.28)
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average mobility. In the presence of electro-osmosis and sheath fiow,

- the above equation becomes:

Ap Hy -l 2
= (5.29)
:l H+u,, - aQULV
Substituting the expression for the relative velecity dlffere‘nce equation
5.28, into the expression for the resolution, equatlon .27, gives the |
resolutlon for the sheath flow system: ) |
N2 HiHo _
Rs = " (5:30)
4 m + Mg, - aQLV

. o o . .
This equation reveals that the resolution is proportional to the square

root of the separation efficlency,_ N1/2, and to the difference between the
intrinsic electrophoretic mobilities of the two zones, p, - ,. The best
resolutlon would be obtained when the term for the sheath effect4

} aQL/V jUS'( balances the electromlgratlon B+ Koo However a Iarge

expense in time would be required accordlng to equation 5.21. When the
. expression for the number of theoretlcal plates equatlon 5.29, |s

substltuted into the above equation, the resulting resolution i is:
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LI(K+p,,) VL aO] TRETIN
Rs = (1/4) { A 172 {— : —}
3D+ (Ra®QP/48D)] i+ i,-oQUV
V .
= 0177 (p, -u, ) | o oy

[D + (P o? Q?/48D) ] [ii + p_ - «QLN]

(5.31)

This equation shows that, for the sheath flow system, better resolution

would be obtained with (1) alarger difference between the intrinsic

electfophoretic mobilities of the two zones, K, -H ,: (2) a higher

- voltage, V, 'abplied to the elect'rophoretic 'system' (3) a.smaller capillary
“radius; (4) a relatively longer capillary length (5) a relatively smaller
: molecular diffusion coeffncuent D. This equatlon also reveals that the |
resolution is a function of volumetric sheath flow rate, Q, andis
~ influenced by the correlation bétween sheath l‘low rate and analyte

o propertie'_é, and ekperimental conditions.
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3. EXPERIMENTAL

3.1 Instrumental

The experimental configuration of laser-induced fluorescence
using the sheath-flow cuvette for capillary zone electrophoresis is’
shown in figure 5-3, which is a combination of that employed previously
for CZE (3), figure 5-1, and for laser-induced fluorescence detection

using the sheath-flow cuvette, figure 4-3. An argon ion laser, usually

| “producing a one watt beam in the light regulated mode at 488 nm, is used

as an excitation source. This beam is focused with a 18 mm focal Iength _

lens (7x) into the center of the sheath -flow cuvette, Ortho Model

300-05#1 00. The sheath stream is mtroduced by a high pressure

chromatography syringe pump, Isco Model 314, whereas the sample -

stream is provided by the evlectrophoretic technique (described in detail

later). (
<§§*\

The fluorescence is magnlfled at rrght angles W|th a n'hcrOSCOpe

shown previously in figure 4-4, and then detected by the 1P28 '

photomultlpller tube (PMT). The output of the PMT is then directed across

-a resnstor (R), typlcally 2.9 KQ , in paralle! with a capacitor (C),

.normally 220pF. The product of R and C determines the response time-in

seconds anally, the voltage output is displayed on a strip chart

recorder Fisher Recordall Series 5000 The dotted line in figure 5-3

represents a black box employed to minimize the introduction of any

K:



‘ { 110
Sheath ' caplllary +HV
Pump ‘ ‘ X
n | sample / butfer
e Y SR
! Lens , ‘ / : A
! ]
]
Laser : —0 - Cuvette —o— E
! ]
1 = ;
. — e —_—
| BN '
. '
rl I
(l 1
‘ Microscope :
: :
! )
' ]
! 1
! ]
' ]
' t
. ' — '
HV I — PMT ;
: X
' t
e e e m e e mmmceme e N
* Chart
Recorder

‘(
Figﬁre 5-3. Experimentél diagram for laser-induced fluorescence

_detection using the sheath-flow cuvette for QZE.
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stray light or room light to the PMT. The cuvette, microscope and PMT are
mounted on two or three dimensional micrometer translation stages to

allow convenient alignment.

. A capillary zone electrophoresis instrument is constructed using a
30 kilovolt DC power supply (Speliman). The positive terminal of this
power supply is applied to the 'sample or buffer vial and then across. the
fused silica capillary (Polymicro Technology) which has a 50 pm inner
diameter and a length ranging from 80 to 99 cm. The capillary externor is
coated with polyimide to mcrease its mechanical strength. The ground
| negatlve termlnal of the power supply is also connected to the
- sheath-flow cuvette body. The positive electrode is contained within a

. plastic enclosure equipped vl/ith an interlock system to protect t\he
» operator from accidently contactlng the high voltage A QW

| electrode is used to connect the power supply to the sample container.

4 q

3.2. Chemicals

| All chemicals are reagent grade or better. The 18 amino acids,
FITC-1,.and fluorescein are from Sigma Chemical Company. A stock pH 7,
0.0é M ohosphate buffer solution is prepared in water. The water is
doubly distilled, deionized, and filtered through a 0.2 um millipore filter -
prior to use. Stock solutiorts of pH 8 and pH 10, 0.2 M,v'carbonate ouffer

~ are prepared in the above water. All buffer solutions receive two drops -



of chloroform to prevent the growth of bacteria. Also, a stock solution of
E@Q *107 M fluorescein in pH 7.0 phosphate and a stock solution of 4.24
*108M FITC-l-in pH 9.0 carbonate buffer solution are prepared.

'}

\
_ o )
3.3 Preparation of FTé-AA—" ‘

The procedure for the preparation of FTC-AA is similar to that
described by Maeda and Kawauchi in reference 34. Each amino acid is
prepared ina 100 ml volumetric flask by dissolving enough amino acid to

~ prepare a 10 M solution in 0.2 M pH 8.0 carbonate-bicarbonate buffer

solution. A solution of 5.46 * 10% M FITC-! is also preparedina 250 ml .

volumetric flask in acetone contai_n'ing a trace amount of pyridine. Two to
five ml of eav’ch amino acid solution is allowed to react with 20 pl of
FITC-I solutionina 10 mi glass ‘vial, containing a magnetic bar, on a
magnetic stirrer in the dark for two to four hours at room temperature.

No further purification is necessary. The solution is then diluted by
| taking 10 pl’of the reacted solution in 10 m! of 5mM, pH 9.0
‘ carbonate-bicarbdnate‘solution. For the separation of 18 FTC-AAs, éach
AA is prepared according to the above procedure and 10 pl of each
solution is added to 10 mi of 5 mM pH 9.0 or pH 10 carbonate solution. All
'FTC-AAs are stored in 4° C. | |
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3.4 Electroph‘or'esis procedures

Usually, a ohe hour warm up for this instrumental system is
necessary to stabilize the PMT and argon ion laser To inject the sampleA
the positive end of the power supply is connected to a non-conductlng
injection vial filled with the sample solutlon The sample is then
lntroduced into the caplllar)l as a narrow zone through electro-osmosis
by using the power supply to produce a constant voltage for a certain
period of time, typically at 2 KV 'forvv1 0 séconds. Af‘tel’ the injection, the
| sample vial is replaced with another non-con'duétlng vial filled with the
appropriate buffer solution. Again, the electric field is applied at high
- voltage, typically at 25 KV (for.separation purposes and also as the
sample stream to tlle sheath-flow cuvette). FLQally, the sheath stream, -
using the same buffer solq»g’lon as for the eléctrophoresis, and the strip
chart lecorder are turned Ol'l and the electropherogram is recorded. A
“waiting period of about 5 rhinutes between each run is nécéssary for
dissipating the temperature rise inside the capillary. Contlniuous

operating of this instrument for more than 24 hours is no problem at all.

4. RESULTS AND DISCUSSION
4.1, Prelimi'nar'y Study for éapillary zone electrophoresis

To consider the sheath-flow cuvette as a detector for injected

113'
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plugs of sample in capillary zone electrophoresis, the following

experiments are performed. -

Sample stream linear _velocity,‘derived from capillary length
divided by retention time, at different voltages applied to the.
electrophoresis, figure 5-4, is studied first. The sample is 5.29 * 108 M
fluorescein in 0.02 M pH 7.0 phosphate buffer injected@t 5 KV for-8
second; the sheath stream is 5 mM of pH 7.0 phosphate buffer at 20

»vml/hr and the capillary is a 82 cm tube of 50 Hm inner diameter. The
linear relatlonshlp shows that higher voltage applied to the,
electrophoresis results in faster net electromigration and larger
velocrty Thrs observation agrees with other studies (12-13). Zero
velocity ocours at about 4 KV for the electrophoresis system. This result v.
~occurs because, during the electromigration, the sheath stream is
flowing constantly and produces a force in the ca’pillary toward the
injection, positive,' end. A drop-of solution is formed at the positive end
of the capillary when the buffer vial is removed, no potentia! is applied,
and the sheath stream is kept flowing. Electromigration and sheath flow
balance at about 4 KV under\the>above experimental conditions.

At about the same experlmental conditions as the previous one and
at 22 KV for the electrophoresis, figure 5-5 shows that sample stream
linear velocrty has a linear relationship with the sheath flow rate. This
result arises because the sheath stream pushes electrOmigrat’ion back

towards the injection end mc. ~ forcefully at higher sheath flow rates, in

v
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agreement with the predlctron given in equatuon 5 18 under theory in

~section 2, The slope of flgure 5-5 provides - ain equatron 5.19.

4' Figure 5-6 shows a linear relationship betyVeen peak height and
\ voltage for the ei ctrophoresis: The higher the voltage applied to the
electrophoresis, the faster the net electromigration, which produces a
bigger sample radius at a constant sheath flow rate, 20 ml/hr:"in this
-experiment. More sample molecules are_illuminated at{th’es'ame time, so
a larger fluorescenit sigr;al is observed and a higher peak rs generated '
| this is the ‘same phenomena as in the neat sample solutrons experrment
chapter 4. Again, the non-zero intercept is due to the sheath stream

effect | o o o | ;

An mterestrng phenomenon is observed for the peak herght versus
sheath ﬂow rate study, frgure 5 7. The sample is529*108 M- SR
fluorescem in0.02 M pH 7.0 phosphate buffer solutron injected at 5 KV
'- for 10 seconds. Voltage applied.to the column is kept at 28 KV and the

»caprllary is 92 cm long and S0 um inner drameter As expected, at lower
,sheath flow rates, from 40 ml/hr to 5.6 ml/hr the sample radius |
: mcreases and, as well more sample molecules are illuminated so that
" of course, the peak height i mcreases But, peak herght decreases as the
sheath flow rate slows to less than 5 6 mi/hr. This’ decrease is because
the sample stream is broadened srgnrfrcantly by drffusuon Wthh occurs

during the transit from the capillary exit to the detection region. S »é
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Fig_ure 5-6. Peak height vs. high voltage, HV, applied to the

electrophoresis

~

\

918



119

12

—
o
1

Peak height (cm)
(o)
1

4 77—
0 10 20 30 - 40 50
Sheath flow rate (ml/hr)

Figure 5-7. Peak height vs. sheath flow rate.

%



\

120

Assumving laminar flow in a square flow chamber, the sample at stream
center will tr'avel at a linear velocity, v, given by (45):

v = 9U/4B2
where U is the‘volur‘ne flow rate (5.6 mi/hr) and B is-the square cell
width, 250 um, yielding a linear velocity of 5.6 cm/sec (for this cuvette,
thé volumetric flow rate in ml/hr is numerically. equal to the linear
velocity in cm/sec). Roughly a 5 mm distan;:e separates the inlet point
| and the detection point. About Sovms are required for the sampl»e to
fravel from the capillary tube to the detection region. During this time,
the sample stream diffuses into the sheath stream to produce an

increase. in the sample stream diameter. The average diffusion distance,

x, is given by: - . \\) _

x'= (2D .
‘where D is the diffusion constant, 5 * 10 cm? s for most small

analytes. During the 80 ms transit 'time, the anajyte will diffuse ah
“averég‘e distance of 9 um to produce a sample stream diameter of about".
10 um. In the abSenbe of diffusion, the simple hydrodynamic model of
equafion 1.1 predicts a sample stream ‘ra'd,ips of 2 pm.' Diffusion acts to'
increase the stream radius to about 10 pm'. Since the sample vdlume is
proportional to the area of the sample st_ream,' diffusion produces a’

factor of 25 dilution in analyte concentration. o

. d
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Figure 5-8 shows the prehmmary electropherogram for the
mjectnon of 4.2 nl (3 KV for 15 seconds) of 2.64 * 10:° M fluorescein in 5
mMPpH7.0 phosphate‘bufter and at sheath flow rate of 5.6 mlhr. The
capillary is 50 um inner diameter and 92 cm long. The high vbltage
applied for this experiment is 25 KV. The chart speed is increased 10
times near the peak for more accurate determination of the peak width.
The estimated number of theoretical plétes is about two huhdred
thousand, and the detection limit, at three timés background noise, is 9.6
* 10" M, which corresponds to two hunc}red ahd forty thousand
molecules m;ected onto the column. Of course, during the process of
electrophoresns dllutnon occurs within the column to reduce the analyte
concentration to 3.9 *107'" M at the detector. The detection limit of 3.9
‘10 11" M is more than one order of magnitude poorer than the neat
sample solution expenment chapter four, which is obtained-at relatnve!y
high volumetric flow rate, 0.4 mi/hr. The difference in performance
- between the capillary zone electrophoresis detectlon and the neat
sample solution is due to diffusion in the short transit time from the
mtroductlon of analyte to the detection of analyte Also, the sample
pathlength is smalier he_re since the sample radnus is smaller. Further

improvements will be dissussed in the following section.

4.2. Diffusion study

The transit time for anaIYte must be decreased to minimize
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Figure 5-8. Electropherogram of 2.64 * 109 M of fluorescein injectyed
at3KVfor15s,4.2 nl; capillary, 50 um ID and 92 cm long; sheath

stream, 5.6 ml/hr; voltage for electrophoresis is 25 KV.
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diffusion in the cuvette since the radius of the sample stream due to
diffusion is proportional to the Square root of the transit time. The area
of the sample stream vis linearly related to the transit time. The transit
’tnme may be reduced by i increasing the' sheath flow rate. Poorer detection
limits are obtalned however because the sample molecules spend less
time in the lasenbeam, and also, as the sample radius decreases, fewer
molecules are e):ited at one time even though the'di_ffuslon problem is
‘reduced. Another way to decrease the transit time is to decrease the

- distance from the introduction of the sample to the probe reglon The
'dlstance can be reduced by lowering thé exit of the caplllary tube into
 the flow chamber of the sheath-flow cuvette. This approach leads to the

achievement of better detection limits.

The sample radiys'is measured at several points afterthe outlet

' of the capillary, and at three different sheath flow rates: 1.6, 6.4, and 12

mi/hr. The sample is 5.29 * 108 M of fluc-escein ir pH 7 phosphate.

- buffer solution The sheath stream is 5 mi/ of pH 7 phosphate buffer. The

“tubing is 50 pm inner. dnameter and 99 cm long The voltage for the
electrophoresns is 25 KV. The results are shown in fngure 5-9, which

P

. demonstrates_the following three phenomena:

1. Blgger sample radn are observed at lower sheath flow rate The
sheath stream at 1.6 ml/hr is larger than that at 6 4 ml/hr and the
sheath stream at6.4 mi/hr is larger than that at 12 0 ml/hr due to the
fact that transit time is longer for lower sheath flow rates, allowing
, "

%

-
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Figure 5-9. Sample radius vs transit distance. 5.29 * 10-¢ M
fluorescein is continuously introduced at 25KV for elgctrophoresis asa
sample stream; sheath flow rates at 1.6, 6.4 and 12 ml/hr, as indicated

in the figure: capillary, 50pm ID and 99 cm long. -
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~ more lime fof diffusion to occur. Also, the hydrodynamic model predicts
an increase in radius with decrease in sheath flow rate

2. As the probe beam is moved closer to the. ex:t of the caplllary a
smaller transit distance is allowed giving less time for diffusion to
occur. The sample radius is smaller for each sheath fiow rate ranging
down .from about 3.8 mm to about 0.6 mm for the transit distance.

3. The sample radius increases again when transit dlstance Is less
than 0.6 mm, because laminar flow does not occur mstantaneously The
sample stream requures approxumately 0.6 mm to reach |ts smallest
radius-under these experimental conditions. Lucas and Pinkel (46), in
their experimental system, observed that sample stream velocity
increased steadily after mJectlon and reached a constant value after 6
mm for the transit dustance In the present system it would appear that
an increase in sample stream velocnty would explain the decrease in
sample stream radius which occurs from the outlet of the caplllary up to

‘0.6 mm tran5|t dlstance

| It would seem that a better detection limit should be obtained at
 the probe region right after the caplllary outlet and at a lower sheath
flow rate because dlﬁuSlon does not have enough time to happen and the
sample linear velocity i is slow. Sample molecules therefore spend more
time in the laser beam, and of course, more fluo_rescence IS generated

and a better detection limit is produced.
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The proof that a better detection limit is produced under the above
argument is shown in figure 5-10. This electtopherogra‘m is obtained for.
injection of 2.1 nl (2 KV for 8 seconds) of 4.23 * 10" M fluorescein in &
~ mM phosphate buffer and at a sheath fl.ow‘rate of 0.56 mi/hr for the 5
mM pH 10 carbonate buffer. The voltage applied to the 50 um ID, 84 cm
long capillary is 25 KV, and the peak occurs at about 8 minutes. The
,estlmated detectlon limit at three times background noise is 3.09 * —
107" M which corresponds to only thirty nine thousand molecules
injected onto the capillary. _Of'course, during the process of
electrophoresis, dilution occurs within the column to reduce the analyte
~ concentration to about 4.20 *10"2 M at the deteotion Iimit. The
detection limit of 4.20 * 1012 M is}quite close to that for the neat |
sample solutions, 1.25* 10712, ‘Preliminary experimental tesults
indicate that ‘good separatlon for a minute sample should be achievable

usnng this mstrumentatnon

4.3. Effect of sheath flow rate on theoretical plate and

resolution , R

The theory part of seotion 2 predicts that the number of
theoretical olates and the resolution are a function of the sheath 'flow"
rate. These predictions are tested by using approximately 1.0 * 10’7 M |
FITC-lir 5 mM pH 9.0 carbonate buffer SOIUtIOﬂ as the solute, mjected at

| 2 KV for 10 seconds 5 mM pH 10 carbonate buffer for the
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!

electrophoresls at 25 KV, capillary 50 pm inner dlameter and 97 cm
long, and at three different sheath flow rates 0.56, 5.6, and 14 mi/hr.
Also, the capacitor for this. experiment is 10 pF, instead of 250 pF, to

reduce the time cons' tof the detector to avoid peak distortion.

For this expenment N = 870, 000 plates when o Q approaches ze/
at a sheath volumetric flow rate of 0.56 ml/hr shown by. peak 2in
appendix-1-1. The diffusion constant, D, is calculated to be 6.8# 10°©
cm?/sec according to equation 5.26. This value.for the diffusion is
is

reasonable for most small molecules. The net migration \re‘locity, Voot s

equal to the electromrgratlon velocity, ( uep + M) V/L ‘minus the sheath
4y
%electromlgratlon msude the caplllary, Veheath (or ¥

stream effegt,gon tH
| Retentu@’;“i&

rates at 0 56, 5.6, and 14 mi/hr respeatively. Therefore Vehearn @t @

mes are 798, 813, and 832 seconds for- sheath flow °’

"‘J

sheath volumetrrc flow of 5.6 ml/hris calculated to be22* 103

cm/sec The same calculatron for vm;ath ata sheath volumetrrc flow of

14 mlhris 4 9*103 cm/sec. The » orais approxrmately equal to
39° 10“‘ (cm)(hr)/(ml)(sec) for these >articulzr experlments The

radius of the caprllary is2.5" } 103 cm. The expected number of
theoretical plates at several sheath vvolumetrio flow‘rates are calculated
from equation 5:26, and are plotted in figure 5-11 as ‘open symbols The
numbers of theoretical plates accordlng to expenmental results shown :

as peak 2 in appenduces 1-1, 1-2, and 1-3, are also plotted as sohd
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symbols in the same figure. The differences between theory and
experimental result are 3.5% and 3.8 % at éheath_flow rates of 5.6 mi/hr
and.14 ml/hr respectively. Pporer separétion efficiencies are obfainéd :
fforﬁ ex;\)eriments than predictéd. Presum'ably, the heat g.eneratedvinside
the capillary causes extra b‘and broadening, discussed previously in ~

section 1.1.3.

The intvrinsic' difference betweeh the electrophoretic mobivlities ot\
the two zones, p,- p,, represented by the peaké 1 and 2 shown i.n
appendix 1-1, is calcﬁiate'd to be 6.705 * 10-% (cm?)/(sec)(KV) based
upon an experlment at a sheath flow rate of 0.56 ml/hr. Thns value, along
- with the other parameters derived wnthm this sectlon is then
substituted into equatlon 5.31 for the resolutlon, Rs. The predicted Rs
Xaﬂues at several sheath flow rates are shown in figure 5-12 as open
symbols. The resolution increases shghtly from zero to about 5.0 mi/hr
and then decreases. afterwards for thIS particular expernment The
estimated resolutlons from experimental results, shown in appendices
1-2, and™ -3, are calculated according to equation 5.11 to be 3. 077
3.135, and 2.926 for sheath flow rates at 0 56, 5.6, and 14 ml/hr
respectively. The results are also plotted in flgure 5.12._C_omp_ar|ng the
results from the first experiment at a sheath flow rate ‘of'0.56 m/hr

with the resulfs frbm the other two, slightly better resolution is |

obtained ata relat.i\)ely high sheath flow rate, 5.6 ml/hr; and resolution
then decraases at an even higher sheath flow rate for this particular |

. éxperiment,, This observation is consistent with the pheonomena
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experrmental results are 7.2 %, 5.6 %, and 10 % at sheath flow rates of
56. 5.6, and 14 ml/hr respectively. ‘Again, the temperature nse inside -

thi¢ capillary for the eIectrophoresrs should be responsnble for thns ,

_ difference. Of course, the.accuracy of the peak width measurements
would contribute to the upcertamty even though the e&ectropherograms |
are obtained at a relatrvely fast chart speed about 2 m/mm and a
magmfred scale’ |s used to measure the wrdth of the peaks.

'4 4. Separatlon of fluorescern rsothrocyanate derrvatrves of -

18 amino acrds

18 FTC- AAs are prepared according to sectlon 3 3 Each sample of

amino acid, ranging m volume from 2 mito 5 ml, recerves 20 ul of 546*

10" M FITC solution.The concentration of this hmrtnng reavgent in each
vial is listed on table 5-2 under C rea, which" isin the order of 1 oM.
ngher concentratrons of this reagent are avoided because the
instrumentation is sufficiently sensitive that a strong background signal

s produced which effectively masks the derlvatlves signal. After two to

132

' fmours reaction at room temperature in the dark, the FTCV-AA is then .

r diluted by taking10 ! of each reacted solution and addedto 10

ml of 5 mM pHS.0 carbonate buffer solution forrhe injection.

The estimated concentration of each FTC-AA, assuming that the

limiting reagent is completely bound to the amino acid, is also listed in
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FIC-AAs Crea(M* 108 | Q_;uM"m'g)
T Aa 2175 2137
Arg 2.175 - - 2137
Asp- 2.175 . 2137
Cys 5406 5.310
Glu 5.406 . 5310
Gy 5.406 . 5310
. Hs 3616 - 3552
) lle 2475 % 2137
Lew 2716 2668 .
Lys 2175 _‘ 2137
Met - 2175 2137
Phe 3.616 | | 3.552
Pro b 2.175 2.137
Ser - 2175 2137
 Thr 2175 - 2137 |
Trp , | 2.17'__5 | . 2137 .
Tyr | 2175 2137
Val . 5.406 » 5.310

‘Table 5-2. The concentration of FITC-1 (limiting reagent), C rea, for
B the reaction o'f'18 AAs; and the concentration of each FTC-AA, C inj,
* being diluted with 5 mM pH 9.0 carbonate buffer for the injection,
assuming that the FITC-1 is completely bound to each AA.
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U
table 5-2 under C inj. The buffer for the electrophoresns is 5 mM pH 9.0

carbonate solution at 25 KV. foﬁhe electrophoresis, and the cap;llary
- is 99 cm long with @ S0 um inner diameter. The sheath stream i is the
same buffer as for the electrophoresis and flows at O 56 mlhr. The

above sample solution.is injected at 2 KV for 10 sec.

The’:b‘lank reaction is also carried oUt under the same
conditions as above. The electropherogram for the blank reaction is
shown in fxgure 5. 13. The commercial FITC- contains some:
contaminants as can be seen ln this flgure Maeda et. al. identifies
|mpurmes in FITC-1 as isomer Il as well as ﬂuorescem

fluorescein-amine (34).

The electropherogram for the separatnon of 18 FTC-AAs is
snown in figure 5-14. Thejdenttflcatlon of each individual FTC-AA is
~ complicated due to retention time shifting slightly for each run,
| ‘presumably a result of temperature fluctuations in the capillary.

There are two ways to identify each peak One is to normalize the
retention time for individual FTC AAs as a fraction of the dlstance
between the third and fourth blank peaks, for instance, as the
' references The other method, which'is apphed for the present work,
is to run a series of experiments to |dentify those peaks whose
retention times are close to one another. The procedures are as |
follow: first; electropherograms are bbtained from eighteen |

individual FTC-AAs to determine their relative retention times;



i

]
o

- Amplitude (arbitrary)

', ; g
\, %
B8
B
B.
a . "Bo o
l" 1 1 : 1 [
14 13 12 11 .

Figure 5-13. Electropherogram of the FITC-I blank reaction. The |

commercial FITC:| contains some contaminants as can be seen in this

figure.
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second the electropherogram flgu% 5 14 %r' K¥Liro fthe 18 :
FTC-AAs is obtamed thmﬂ those peaks which are cfos.,toohe #o“ :

gy e x
another are identified by conductmg several expenments whose, ST
results are shown in appendix. For instance, an electropherogram
appendlx 2 1, for a mixture of FTC- -Gly, FTC- T);L/FT C-Pro and

FTC- Met Is obtained; then an electropherogram, .appendix 2-2, for only “

FTC-Gly is obtained to further confirm its retention time. At this

point, it seems apparent tha_t the elution time is the same for

FTC-Tyr, FT C-Pro and FTC-Met. Further confirmiation is obtained by
mJectmg a mixture of FTC-Tyr and FTC- Pro which appears asa smgle
peak in appendix 2-3. Finally, the electropherogram for FTC Met
alone, appendix 2-4, is obtained and ’found to overlap the peaks for
FTC-Tyr and FTC-Pro. This series of electropherograms confirms the |
identical elution time for FTC-Tyr, FTC-Pfo and FTC-Met.

Table 5:3 hsts the relatuve retention tlmes tr, of FT C- AAs
with reSpect to the third blank peak, labeled B* and the estlmated
- volume of each FTC-AA being injected, Vinj, based upon equation 5.13.
The injection volume is about two nanoliters for each FTC AA. On the
order of a few attomoles of each ammo acid is injected. All these
data are calculated from figure 5- 14 under the assumptlon that the
limiting reagent, FITC l, is completely reacted. However some
unreacted derivative reagent is always detected. These results are
conservative and the true detection limits will be less than those

repoﬁed here. The number of theoretical plates, N, for this
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EIC:Afs & V) | moeito) N
Ala . 1144 198 4.23

Arg 0.878 258 5.51 120,000
Asp 1393 163 348

Cys | 1578 144 7.65 210,000
Gl 1353 1.8 892 180,000
Gly 1167 194 - 103 | 110,000
His 1104 2055 7.28
lle - 1.085 2, 09 4.47

Leu - 1.085° 2.09 - 558

Lys " o0ss2 257 549

Met 1104 205 438
Phe | 1104 205  -728
Pro 1104 205 4.38

Ser . 1138 199 4.25

Thr L 1117 203 433

" Trp 1085 209 447 &

Tyr 1104 205 4.38

Val 1104 205 10.9

Blank(3rd) ° 1000 130,000

Table 5-3. Based upon figure 5-14, pH 9.0 for thévelectrophores_is. :
Retention time, tr, of each FTC-AA relative to the third blank peak;
estiméted sample being injected in volume, V inj; in moles, mole inj;
and the theoretical plates, N; under the assumptlon that the FITC lis

comgletely bound to AA.
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experiment is only just above 'one hundred thousand. The separation

- efficiency ie not good enough to separate {hese 18 amino 'ac‘ids. About 11
amino acids are separated out of the-eighteen. The poor theoretical plate
count may be due to an adsorption' problem which.can be eliminatecl by
the following methods: 1. Dynamic-'ly modifying the interfacial double
layer between the column wall and the bulk solution wrth selected ions.

2. Rarsnng the pH of the buffer solution to increase the coulombic

repulsion between the analytes and the capillary wall (23).

'For the present work, the relatlvely easy second method is
employed to reduce the adsorptron problem between the. FrC AAs andthe
capillary wall. The pH of the buffer solutlon is adjusted from 9.0 to 10
for the electrophoreS|s and for the sheath stream. Other conditions

nain the same as for the prevrous experiment. Under these condmons
the "C-AAs should be repelled from the wall and their surface
acsor. on strongly diminished, thereby i mcreasrng the separation
B efficier _y and resolution in the CZE, which can be seen in flgure 5-154.
Fiftee >eaks are observed from.the eighteen amino acids mjected The
rete’ on time, tr, injected volume, V inj; injected moles, mole inj; and the
tr. . etical plate count, N, are listed in table 54. Agaln all the data are -
Jased upon the assumptron that the FITC-I is completely bound to amino

acud
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» .

. G \
EIC-AAs & | men mmmm N
Aa = 1196 1.35 288
Arg . 0824 - 196 - 419 o
Asp . 1563 103 2.20 470,000
Cys 1.188 1.36 7.22
Glu 1500 108 © . 573 480,000
Gy =~ 1230 131 696 | | 450,000
His 1138 143 s08 .
e 11012 145 3.10 -
Leu 105N 390
Lys _ 0927 - 174 372
Met 1126 1.43 3.06
“Phe STR13s 143 508
Pro w@ f1337 143 306
ser "'atex | 137, 203
Thr j1.148 141 ° ~3.01
ST 1t 145 1310 |
e Tyr 1278 126 . 260 550,000
va 1133 143 7459
Blank(3rd) 1.000 R

Table 5-4. Based upon f:gure 5- 15 The retentlon tlme tr, of each
. FTC-AA relative to the' third blank peak the estnmated sample |
vmbemg mjected in volume V inj; iN moles molemj. and the theoret:cal
- plates, N; buffer pH 10 used for the electrophoress_, underthe ‘
assumption that the FITC-1 is compleiely bog;n'd to AA. . _.

s >



~ Higher fluorescent signals and better separations are obtained for -

electrophoresrs at pH 10 than at pH 9.0. Companson of these two

- electropherograms,confrrms the order of the elutlon Is consistent with
the model of section 1.1.1. Molecules with higher negative charges elute
later. For instance, gluramic acid and aspartic acid have longer retention

-~ times than alanine and glycine. For particles of the s‘ame charge _

" equation 5.1 shows that smaller particles have hlgher electrophoretlc
moblhty Particles with hlgher electrophoretrc mobility should move
faster towards the positive end because all the FTC- AAs are negatlvely
charged and take longer to reach the negatrve detector end. ltis -
observed that the smaller and lighter amino acids, wrth the same charges
.under the same experimental conditions come out later than the bigger,
heavier ones. For example aspartrc acid elutes Iater than glutamic acid,

and glycine elutes later than alamne An interesting phenomenon was

- observed for the FITC- Iderlvatrve of cysteine. It eluted last atpH9 for

the electrophoresrs but emerged taster at pH 10. Presumbly, the
FTC-cysteine at higher pH undergoes structural change for instance it
may undergo a cyclization reactron and change its electrophoretic

properties.

T | |

'~ The difference in run time for the two electrophoresis buffer
solutions, roughly 18 minutes and 25 minutes for pH 9.0 and pH 10
respectively, is expected since both electrophoretic flow and

electro-osmotic flow are PH dependent. At higher pH, the amino acids

142
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i will have a higher net negatrve charge Also an increased

electro-osmotic flow is expected, as dlscussed in section 1.1.2. In these

partncular experiments, the effect from the former dominates. _

Presumably the zeta potentlal of the wall does not alter much from pH

9.0 to pH 10. |

Separatnon and detectlon of subattomole amounts of ammo acnds

have been demonstrated usrng this instrumention. Detection limits at

three tlmes background nonse are listed in tables 5-5 and 5-6 for the

present work Table 5 Sis based upon results from flgure 5- 14 usinga

pH 9.0 buffer SOlUthﬂ for the electrophoresns and sheath streams. Table .

5:6 relates to flgure 5- 15 using a pH 10 buffer. Within tables 5-5 and

5-6, concentratlon detection limits are listed under C Lob; mole detectlon s

limits .under Moles; and molecule detectron llmlts under Molecules. The

FTC-Arg peak for flgure 5- 15 is off scale therefore, the detection

llmlts for it are ||sted in table 5- 6 as less than the numbers estimated

‘ from the hlghest point shown in the electropherogram All these data are
| generated under the assumption that the purchased reagent FITC-l, is
~ one hundred percent pure and is completely reacted with the amino acids.
However the electropherogram shown would indicate that the FITC I
solution was not one hundred percent pure and had not completely '
| reacted Wlth the amino acid. Detectlon llmlts should be better than those _'

listed in tables 5-5 and 5- 6



FIC-AAs | .C_LQD_(M 10”) ‘Moles (5102 i
Ala 36 71 '

Arg 26 68 © 40
Asp 28 46. - 270
Cys | i 7.3 1., 63
Gu - 37 . 820 a7
Gy 20 - 39 - o4
His | - _ - ’ .
lle . o _— -
Leu -~ - . : L%
Lys - 6.0 . 15. 03
Met I . - o
Phe o I
-.Pro '; - - -

Ser | 2.2 o & 43 o
Thr 9.3 - 10, 110 -
o . - - S
Val S T _

Table 5-5. betection limits, at three timeé _bvackground"nois‘e,' in terms

- of concentration C 1oD; of mbles Mo_eg and of molecules, Molecules
injected onto the column. All these data are generated based upon flgure
5-14, using’pH 9.0 buffer for the electrophoresis and sheath streams
under the assumption that the FITC-Lis one hundred percent pure and is

. completely bound to AA.
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A

FIC-ARS ClooM10™)  Moles("10%)  Molecules *10%
Ala 84 4.6 27
Arg <0.49 <095 <5.7
Asp 86 68 1.
Cys | 04 3.3 ' 20.
Glu B 26 28 RV
Gy 2.8 37 S22 -
His - h V - ' o
e 17 25 15
Leu 70 . 1o, . et
lys -~ 86 s 90.
Met 18 | 23 14,
Phe | ; : o
| Prg s _ - - -
Ser 6 23 13,
Thr 28 37 22
Trp R 17 99
Tyr 11 14 _ 8.4

Table 5-6. Detection limits, at three times background noise, in terms

of concentration, C Lop: of moles,_Mngs; and of molecules, Molecules

. injected onto the column. Al the_sé data are gene'rafed based upon figUre

5-15, using pH 10 buffer for the eIeCtrophoresis and sheath streams
under the assumption that the FI_TC-I is one hUndred pe'rceht puréf'and IS

completely bound to AA.
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The concentration detectib_n.jij’ﬁ_its are on the order of 101" M,
which are three orders of magnitude superior to any other amino acid .
analysis technique. The best | prevrous ﬂuorescence detectron is about
107 M for the dansyl and quorescamrne derivatives of amino acids (26), -
and thermo-optical detection at about 108 M for the dabsy! amino acids _

| (28). It is interesting that there is no suitable“prefix to describe these

state-of-the-art detection limits when convertrng the detectron limits
from’ the concentratron into the number of moles injected onto the

column, which are in the order of 10-20 moles

Inan alternate’pre‘paration to that d;iscrib'ed in the opening - ';’ .' o
paragraph of this section and section 3.3, the elghteen ‘AAs are reacted
with 2 ml of 5.46 * 10* M FITC-I solution all at once |n a 20 l, glass
vial. After four hours reaction time in the dark, 200 ! of reacted o
solution is dlluted with 10 ml of 5 mM pH 9.0 carbonate buffer The
diluted solution is then injected at 2 KV for 8 seconds onto the caprllary " :
for the separation. The electropherogram is shown in appendrx 3. Many ’
unidentified peaks are observed because side féactions- oocur am‘ong '
amino acids during the process of attaching tlboresc,e.i:n,chrorn'ophore to
the a-amino acid group,of individual amind acids. Iéurther investigation

of the reaction mechanism needs to be done. -
Of course, other improvements can be considered for this
instrumentation, such as better.collecti’on efficiency, background

subtraction, and optimization of separation efficiency. The major

L~
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limitation of the current instrument is the microsciope‘ objective utilized
'fo collect the fluorescence. The 0.45 NA objective collects only about 5.3 |
% of the emitted light. A higher numerical aperture should collect more
emitted light, and a hlghe*rg;gga?tu? yield phofomultiplier tube sho‘uld'
geneérate a better detectc@ﬁﬁmfi,,lfhe buffer solution also plays an
impoftant, role in the s':ba_rét;ij;)ﬁ’ryrp\ode. Further investigations of |
different buffer sYstems need to be done.

The lack of an efficient’cool‘ing system for the cépillary also ?@j
appears to be an important factor in separation. This system could be
- improved by surrounding the capillary tube -with the sheath streém. .The
advantage of this is that the sheath stream would help theAdissipate the

heat which arises inside the capillary. .

) .
; [T

Pl y RV v 12
' o - .
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“HAPTER SIX

CONCLUSION AND FUTURE WORK

It is clear that laser-induced applications using the sheath-flow
cuvette as a detector cell produce excellent detection limits for small

volume analysis.

'}Hig.h precision laser-based 'refractive index determinations
within picoliter volumes using flow modulation of the sheath-flow
cuvette (1), chapter two, produce detection !imits of 7* 108 AR
within a 4 * 107'° liter probe volume for neat solutions. In this
technique, 'diffractionof the laser beam within the cuvette produces a
change in’ the far- field beam center mtensnty which is proportlonal to
the dlfference in refractlve rndex between the sample and sheath
synchronous demodulatlon of the laser beam intensity Ieads to
-improved refractive index precision. The application of this technigue
;should extend to microbore liquid chromatography, especially for
gradient elution since the sheath stream can be produced
simultaneously from the same mobile phase reservoir for the
separation column. The synchronous change in solvent composmon for
the sample stream and the sheath stream would eliminate the
limitation of the refractive index detector system due to the gradlent

process:. ' .
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Thermo-optical absorbance determination within the
sheath-flow cuvette (2), chapter three, ptoduces absorbance detection
-~ limits of 1.1 * 10° utilizing a 2-mW pump laser beam and a 50 to 70
um radius sample stream in the cuvette. In this technique, the sample
is heated by the modt?lated pump beam, and a second coplanar probe
beam is used to detect the change of the refractive index induced by the
pump beam A lock-in amphf:er is used to demodulate the periodic
change of refractive ndex The change of 1ntensnty Is proportional-to
the;concentratuon of the analyte Although the detection limit for the |
present work is a factor of two worse than in a 50 um diameter 4~
capnllary‘_‘ tube (5-6), the detection Ilmlts us_!ng a sheath-flow cuvette
should pe better than those obtained using a straight capillary tube if a
much higher power pump beam were used. This improved detection hmlt
- should occur because the cuvette cell only detects differences in
refractive index between the sample and the sheath streams. The finite
solvent background absorbance, which will produce a proportional noise
source and limit the precision of the measurement for hiigh power pump
lasers, can be eliminated. Another obvious advantage of using.a
sheath-flow cuvette as a detector cell over others is when dealin‘g
with viscous and strongly adsorbing materials which would

contaminate the detector windows.

Laser-induced fluorescence detection USing the sheath-flow
cuvette for neat sampl'e solution, chapter four, produces a detection

limit of 1;25 * 102 M within a 20 um radius sample stream.



detection using the sheath-flow cuvette for capillary zone

electrophoresis (7), chapter five, produces detection limits in the order "

of 102° mole for the separation and determination of eighteen amino -
acids. In the former technique, a one watt argon ion laser operatmg at
488 nm is used as the excitation source and a microscope set at a nght
angle to the laser beam is used to collect the fluorescent signal. In the
latter technique, a capillary zone electrophoresis system is combined
with the laser-induced fluorescence detection used in the first’
.techmque The capillary zone electr nphoresus system is constructed by
| applylng a hrgh posmve voltage through a 50 pm diameter, 99 cm
capillary which is filled with an appropriate buffer. The sheath-flow
cuvette ie at ground potential. Separation and determination of single
molecules should be achievable if further improvements can be, done,
such as better collection eff‘iciency, background subtraction, and
ophmrzatron of the separatuon efficiency, as mentioned in chapters

1

four and five.

. Flow modulation is a powerful tool for analytncal technlques

which produce high background sngnals By SW|tch|ng rapidly between

the sample and solvent, the lnstrument is able to measure rapidly and

directly the difference between signal and background, as drscussed in

chapter two for a very hrgh background refractlve index measurement.

Other examples of background limited measurements include very high |

sensitivity absorbance and fluorescence techniques. In both cases, the

state-of-the-art detection limit is dominated by background signals

154 —
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(8) For absorbance in the visible portion of the spectrum the -
background signal is usually domlnated by overtones of vibrational
transitions of the solvent (9). It is hoped that further studies usmg

solvent flow modulation within the sheath-flow cuvette will enable

" more precnse measurements of these high background signals.

The application of Iaser-i’nduced fluorescence detection: using
the sheath-flow cuvette for caplllary zone electrophoresrs should be
extended to the automatlc analysrs of protein sequences, with ali
~ operations controlled by a computer and the results shown contlnuously

on a terminal or recorder. In the future, using this instrumentation, it
should be possible to Separate and identify big molecules by modlfylng '
the mterfac:al double layer. DNA (deoxynbonuclelc acid) plays an
important role in the reposrtory of the hereditary mformatlon of the
organism. The structure of the nucleic acud molecules determrnes the
- structure of proteln molecules which, in turn, control the’ living
process. It is our hope that this technique wnll provnde sequential
mformatlon of DNA by degradatlon and ldentlfrcatlon of fragments :
| automatically.

in the future, the design of the sheath-flow cuvette could be
improved by enclosing the capillary carrying the'sample stream within
the sheath stream to rmprove dissipation of the heat generated within

the capillary during the electromlgratlon process.



1

. race analysis, especially when only a minute amount of sample is
avallable The sheath-flow cuvette should have a promlsmg future in.

the area of biomedical research.

)
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Appendix 1- 1\&ﬁtropherogram of about 1.0*107 M of FITC-|
mjected at2 KV for 0 seconds; sheath, 5 mM pH10 carbonate buffer at
0. 56 mUhr; capillary, 50 pm ID and 97 cm long; voltage for ’
electropho;esus 25KV.
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)\ﬁpéndix 1-2. Electropher-bgfam of about 1.0 * 107 M (3f FITG-l
. mjected at2 KV for 10 seconds; sheath, 5 mM pH10 carbonate buffer at
- .. 5 6 mUhr; cap;Hary, 50 um ID and 97 cm long: voltage for ¥
e electrophoresus 25 KV.
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Appendlx 1-3 Electropherogram of about 1.0* 107 M of FITC |

‘ .lnjected at 2 KV for 10 seconds sheath 5 mM pH10 carbonate buffer at

' 14 mi/hr; capillary, 50 um 1D and 97 cm long voltage for

electrophoresns 25 KV.
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Appendlx 2-"1 Electropherogram for a mﬁdure of FTC Gly, FTC Pro,
FTC Met and FTC-Tyr B* is the third blank peak
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Appendlx 2-2, Electropherogram for FTC Gly B* is th_ev‘thi’rd blank

peak : ;f'.
Ve
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Appehdix'2-3 Electropherogram for a mixture of FTC- Tyr and FTC- Pro
B* is the third blank peak Ny .
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Appendlx 24. Electropherogram for FT C Met. B' is the third blank
peak "
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‘ Appendlx 2-5. Electropherogram for FTC-Lys’ B*is the third blank

- peak.
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Appendlx 2-6. Electropherogram for a mixture of FTC Trp and FTC Val.‘

)

B*is the third blank peak ,
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Append|x 2-7. Electropherogram fora mlxture of FTC lle, FTC- Thr and
: FTC Ser. B*is the third blank peak
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Appendlx 2-8 Electropherogram for a mixture of FTC-Leuy and FT C- H|s

B* is the thlrd blank peak .
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. SN
Appendlx 2-9, Electropherogram for a mixture of FTC lle and
FTC-Ser. B' is the third. blank peak

Giu

Appendlx 2-10. Electropherogram for a muxture of FTC Phe and
FTC-Glu. B*is the thnrd blank peak
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Appendix 2-11, Electropherogram for a mixture of FTC- -Arg, FTC-Ala,

and FTC- Asp B’ is the third blank peak
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Appendix 2- 12 Elec opherogram for a mlxtur@ of FTC-lle, FTC-Phe
and FTC- Cys B* 'ls the thnrd blank peak
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