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Abstract

Fluorescamine is used as a postcolumn derivatization reagent for fluorescence detection of peptides after separation by
capillary electrophoresis. The problems resulting from the use of an organic solvent have been solved by introducing LiCIO,,
and 5% water into the postcolumn derivatization reagent. The reaction rate and detection sensitivity of amino acids and small
peptides observed with fluorescamine and OPA were compared. Fluorescamine gives much higher sensitivity than
o-phthaldialdehyde (OPA) for small peptides, with detection limits for the selected peptides and amino acids below 0.1
wmol | ~*. Under optimized experimental conditions, the method has a good reproducibility and separation efficiency for
peptides. The method was applied for the analysis of the protein tryptic digests. Only submicromolar concentrations of
proteins were required. [0 1998 Elsevier Science BV. All rights reserved.
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1. Introduction

Capillary €electrophoresis (CE) plays a more and
more important role in the separation and analysis of
peptides and proteins in complex biological samples
[1,2]. To meet the requirements of detection sen-
sitivity, fluorescence detection (mostly, laser-induced
fluorescence, LIF) is employed. Although many
peptides and proteins have intrinsic fluorescence
emitted from tryptophan, tyrosine or phenylalanine
residues, fluorescence derivatization is very often
needed to increase the detectability and the sensitivi-
ty. Common derivatization reagents for amino acids,
peptides and proteins include fluorescamine [3], o-
phthaldialdehyde (OPA) [4], fluorescein isothio-
cyanate (FITC), 9-fluorenylmethyl chloroformate
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(FMOC) [5], naphthalene-2,3-dicarboxyaldehyde
(NDA) [18], and 3-(4-carboxybenzoyl)quinoline-2-
carboxaldehyde (CBQCA) [6]. Some derivatization
reagents for peptides containing special amino acid
residues, which have been successfully used in
HPLC, are dso applied in CE [7]. For instance,
benzoin was used for the selective detection of
arginine-containing peptides in the tryptic digest of
chicken egg-white lysozyme [8]. By a combination
of precolumn derivatization and LIF, the detection
limit in CE can be extremely low, so that a few
hundred molecules can be detected [9]. However, it
is not always optima to perform precolumn de-
rivatization for the separation and detection of
peptides and proteins. One of the disadvantages is
the possibility of multiple labeling that may cause
multiple peaks for one compound. Moreover, post-
column derivatization is easier to automate and more
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suitable for peptide mapping when an on-line protein
digestion is performed [10] or for single cells
analysis [11]. Among the derivatization reagents
mentioned above, fluorescaming, OPA and NDA
have the fastest reaction kinetics and have therefore
been applied in postcolumn detection in CE [12—14].

Since its introduction by Udenfriend et a. [15],
fluorescamine has become a common fluorogenic
reagent used routinely in different separation tech-
niques for a variety of organic compounds containing
a primary amino group. Fluorescamine is able to
react with a primary amino group to form a 5-(2-
carboxyphenyl)-5-hydroxy - 3-phenyl-2-pyrroline-4-
one (CPP) derivative with high fluorescence yield.
The reaction is complete within seconds and the
excess of fluorescamine is quickly hydrolyzed in
aqueous solution into a nonfluorescent product. The
derivatives of fluorescamine are more stable than
those of OPA and the composition of the reagent is
very simple, since no assistant reagent is required
except the proper buffer. More importantly, fluores-
camine gives a higher fluorescence yield combined
with peptides than with amino acids. Therefore,
fluorescamine is very suitable as a postcolumn
derivatization reagent for the determination of pep-
tides [16]. However, there are some limitations in
applying fluorescamine. The reagent is only soluble
and stable in organic solvents. The fast hydrolysis
rate sometimes causes low reaction yields and the
optimal reaction conditions are dependent on the
nature of amines [17,18].

Work has been done on the comparison of differ-
ent derivatization reagents. Albin et al. [5] compared
four reagents (OPA, FITC, FMOC and fluores-
caming) and found that the sensitivity of fluores-
camine was much lower than that of OPA for amino
acids in both pre and postcolumn derivatization. In
their work fluorescamine was prepared in running
buffer and most of the reagent might be hydrolyzed
before reaction. Gump [18] compared fluorescamine,
OPA and NDA for the precolumn derivatization of
proteins. Both OPA and NDA give higher sensitivity
than fluorescamine. However, as was shown in
HPLC, OPA is a good reagent for amino acids but
not very suitable for peptides [19].

In this work, the postcolumn derivatization of
amino acids and peptides with fluorescamine has
been investigated. A porous tube reactor [20] was
used for the postcolumn derivatization. The reaction

conditions were studied in detail. As the anode is
placed in the postcolumn reactor, one of the possible
problems with the application of fluorescamine for
postcolumn derivatization in CE is that an organic
solvent, with low conductivity, has to be used for the
fluorescamine solution. Various ways to solve these
experimental problems have been investigated. The
sensitivity of fluorescamine and OPA for the de-
rivatization of glycine and its oligomers was com-
pared. The method developed was used for the
analysis of tryptic digests of proteins.

2. Experimental
2.1. Chemicals

Glycine (Gly), triglycine (G3), pentaglycine (G5),
hexaglycine (G6), Ala-Ala (AA), pentaalanine (A5)
were from Sigma. Diglycine (GG) was from BDH;
tetraglycine (G4) from Nutritional Biochemicals.
Cytochrome ¢, hemoglobin (from bovine blood) and
trypsin were from Sigma. Fluorescamine was ob-
tained from Acros Organics. Other chemicals were
of analytical grade purity and used without further
purification. Solutions were prepared with subboiled,
deionized water. The fluorescamine reagent solution
was prepared fresh daily.

2.2. Instruments

A Prince instrument (Prince Technologies,
Emmen, The Netherlands) was used for CE. Sepa
rations were routinely carried out at a 25-kV voltage.
The pressure system was modified with an electro-
magnetic valve, controlled by the Prince, to control
air pressure for a (laboratory-made) postcolumn
reactor, which has been described in detail in Ref.
[20]. During electrophoresis, the same pressure is
applied at the reactor and the inlet buffer vials, to
prevent distortion of the flat electroosmotic flow
profile in the separation capillary by pressure in-
duced flow. The grounded side of the high-voltage
source was connected to a Pt electrode in the reactor.
Caution: before applying the high voltage, it should
be checked that a proper connection with ground is
made. Fused-silica capillaries, with an internal diam-
eter of 75 wm, were obtained from Composite Metal
Services (Hallow, UK). Pieces of 78 cm and 13.5 cm
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(5.0 cm to the window) were used as separation and
reaction capillaries, respectively. Samples were intro-
duced hydrodynamically (30 mbar, 6 s or 3 ).

For fluorescence detection, an ARGOS 250 instru-
ment (Flux Instruments, Karlskoga, Sweden)
equipped with a 75W mercury—xenon lamp was
used. For fluorescamine derivatives, a Schott glass
UG11 filter combined with a shortpass 550 filter and
a 435-nm cut-off filter were used for excitation and
emission, respectively. For OPA, a Schott glass
UGL1 filter and a 389-nm cut-off filter were used. A
HP 35900C multichannel interface and a Chem-
station with HPLC software (Hewlett-Packard, Wald-
bronn, Germany) were used to collect and process
the detector data.

For kinetic studies, a flow-through set-up was
used. Two high-precision pumps (Gynkotek, Model
300C) were used for delivering carrier and reagent
solutions. Two solutions were mixed in a T piece.
Coiled PTFE tubing was used as areactor. A RF-530
fluorescence HPLC monitor (Shimadzu, Japan) was
used for the fluorescence detection. The excitation
and emission wavelengths were 390 nm and 470 nm,
respectively. All experiments were carried out at
ambient temperature (21+1°C).

2.3 Tryptic digestion

Tryptic digestion of hemoglobin was performed
according to the method described by Ross et al.
[21], except that the concentration of hemoglobin
was 0.25 mg/ml instead of 10 mg/ml. The digestion
mixture was 1:5 diluted with the running buffer and
directly injected into the capillary.

Tryptic digestion of cytochrome ¢ was performed
according to the method of Yocom et al. [22].
Instead of 2 mg/ml of sample, 0.1 mg/ml of
cytochrome ¢ was used. The digestion mixture was
1:1 diluted with the running buffer and directly
injected.

3. Results and discussion
3.1. Sdection of organic solvents
The suitahility of different organic solvents for the

preparation of the fluorescamine reagent has been
studied. For this, a 0.5 mmol |~ fluorescamine

solution in ethanol, acetonitrile (ACN), N,N-di-
methylformamide (DMF) or acetone was mixed in a
ratio of 1+4 with an aqueous buffer with a pH value
of 8 or 10 containing 0.01 mmol |~* G4. After
various reaction times, the reaction mixture was
injected on the CE system with a fluorescence
detector. The results are shown in Table 1. With
ethanol as solvent, no fluorescence was observed
after reaction at pH 10 and only very low signals for
pH 8. Obviously the reagent is not stable in ethanal.
With the other solvents, the G4 peaks were of similar
height. However, with ACN and DMF, two nitrogen-
containing solvents, a number of impurity peaks
were found. The fluorescent impurities with ACN
and DMF were not stable at the high pH of the
reaction mixture; after 15 min they had amost
disappeared. With precolumn derivatization, such
impurities in the solvents may be of little concern.
With a postcolumn system, however, short-living
fluorescent impurities will cause a high background
fluorescence. With acetone as the solvent for the
reagent, no impurity peaks were observed. In a
postcolumn set-up, this solvent also gave a low
background compared to ACN or DMF. Therefore,
acetone was selected as the solvent for fluorescamine
in the following experiments. The only problem is
the higher volatility of acetone. At the end of the
reaction capillary, a short piece of Teflon tube was
connected to prevent crystallization caused by the
evaporation of acetone.

3.2. Influence of pH on the derivatization

The effect of pH on the precolumn derivatization
reaction is shown in Fig. 1, with GG and G4 used as
model compounds. DMF was selected as the solvent

Table 1
Influence of the organic solvent on the relative fluorescence
intensity of the derivative of G4

Solvent pH 8% pH 10
Acetone 1° 1
ACN 0.85 1.00
DMF 0.90 0.74
Ethanol 0.007 0

2 Reaction conditions: 10 ™* mol | ™" G4 in 0.8 ml borate buffer
was mixed with 0.2 ml of 0.5 mmol | ~* fluorescamine in different
solvents.

® By comparison with the fluorescence intensity in acetone.
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pH

Fig. 1. Influence of pH on the derivatization. F=Relative fluores-
cence intensity. Derivatization reagent: 1 mmol | ~* fluorescamine
in DMF. Injected concentration of compounds. 10 pmol I 7™
BG=Impurity pesk height.

to examine the fluorescence intensity of impurity
peaks at different pH. The reaction of fluorescamine
with amino acids and peptides has a large workable
pH range, from pH 7 to pH 10.5. The concentration
of the buffer in the reaction solution is important.
With an increase of the buffer concentration, the
fluorescence intensity decreased. For example, the
fluorescence intensity decreased three times when the
concentration of borax at pH 10 was increased from
3 to 9 mmol 1" in the final reaction solution. It
seems that the rate of fluorescamine hydrolysis is
increased at high buffer concentrations. In Fig. 1, the
intensity of the largest impurity peak found with
DMF is aso shown. At lower pH, the fluorescence
from the impurities increased.

When postcolumn reaction was performed with
acetone as the solvent, the same workable pH range
was found, but the influence of the running buffer
concentration was small. There were no obvious
differences in the peak height when the concentration
of boric acid in the running buffer was increased
from 15 to 30 mmol | *. However, there are some
limitations for selecting running buffers in post-
column derivatization because many good organic
buffers contain primary amine groups. 3-Cyclohexyl-
amino-1-propanesulfonic acid (CAPS) buffer could
not be used for the postcolumn derivatization either,
because fluorescamine also reacts with secondary
amines, giving nonfluorescent derivatives.

3.3. Reaction rate of the derivatization

The rate of the reaction of fluorescamine with
glycine and its oligomers was examined using a
flow-through system. The sample was injected into a
carrier solution of borate buffer of pH 9.5 and then
merged with a reagent flow (1 mmol |~* fluores-
caming). Flow-rates were varied while a constant
ratio of the buffer and the reagent flows was kept at
4:1. An acetone concentration of 20% in the reaction
mixture was found to be the best to get a stable
baseline and high fluorescence intensity of deriva
tives. The results of these studies are shown in Fig.
2a. The peak areas given in the figure are normalized
with respect to the flow-rate. From the experimental
results, it is clear that the reaction rate for al
compounds studied is similar and that the reaction
can be complete in less than 10 s. It can also be
noticed that there are no large differences in the
fluorescence intensity for these compounds. Similar
experiments have been conducted with OPA as the
reagent. The reaction of Gly with OPA was very fast,
but for the glycine oligomers, the reaction was till
not complete with a reaction time as long as 30 s.

The reaction rate was aso studied with a CE
set-up. In the CE postcolumn reaction system used,
the reaction time is controlled by means of the
pressure on the reagent vial. However, in a mixed
agueous—organic solvent system, changing the pres-
sure does not only change the reaction time, but also
the ratio of the running buffer and the reagent
solution, that is, the proportion of acetone in the
mixed reaction solution. The influence of the pres-
sure on the fluorescence intensity of the derivatives
is shown in Fig. 2b, in which the peak area was
normalized with respect to the flow-rate in the
reaction capillary. The peak areas did not change at
the reaction time longer than 20 s. When the pressure
was varied from 17 mbar to 30 mbar with the
reaction times dropping from 12 to 5 s, a sharp
decrease of the normalized peak areas was observed.
This cannot simply be explained by the dilution in
the mixing solution or the shorter reaction time. The
dominating factor is the proportion of acetone in the
reaction mixture. The fluorescence intensity of
fluorescamine—amine derivatives strongly depends
on the ratio of agueous and organic solvent. Previous
studies have revealed that for peptides the content of



R. Zhu, WT. Kok / J. Chromatogr. A 814 (1998) 213-221 217

a
-
£
£
<
2
<
-
<
o
o
0 10 20 30 40 50 60 70 80
Reaction time (s)
b
-~
g
£
<
o
]
-
<
3
v

0 5 10 15 20 25 30
Reaction time (s)

~——G —8—GG —&—G3 =G4 —#—G5 —8—G6

Fig. 2. Influence of the reaction time on the fluorescence intensity
of fluorescamine derivatives. (@) Obtained by variation of the
flow-rates in a flow-through system. Carrier: 15 mmol | boric
acid buffer, pH 9.5. Reagent: 0.5 mmol |~* fluorescamine in
acetone. Injected concentration: 10 wmol | . (b) Obtained by
variation of the pressure on the reagent reservoir in a CE system.
Separation buffer: 20 mmol | ~* borate buffer, pH 9.5. Reagent: 1
mmol | ~* fluorescamine and LiCIO, and 5% water in acetone.
Applied voltage: 25 kV; injection: 30 mbar, 6 s. Injected con-
centration: 10 wmol | 7%

organic solvent should be as low as possible [16],
while for alkylamines it should be higher than 30%
[17]. In genera, in a pressure-driven postcolumn
reaction system, the reaction time should be kept
short to avoid unnecessary peak broadening. How-
ever, in our set-up, a decrease of the reaction time

(by application of a higher pressure on the reagent
vial) is automatically accompanied with a higher
organic solvent content of the reaction mixture.
Therefore, a compromise had to be found between
high sensitivities and high plate numbers. Routinely,
we used a pressure of 20 mbar, giving a reaction
time of 17 s and an acetone concentration of
approximately 30%. Under these conditions, plate
numbers of 90 000 were obtained for the glycine
oligomers.

3.4. Optimization of the PCR composition

Fig. 3 shows the effect of the concentration of
fluorescamine in the PCR on the sensitivity and
signal-to-noise ratio for G4. The highest S/N values
were found with reagent concentrations between 0.5
and 1 mmol | ~*. At higher fluorescamine concen-
trations, the background signal and noise increased,
leading to a lower S/N ratio. In further experiments,
a fluorescamine concentration of 1 mmol |~* was
used.

When pure acetone was used as solvent for the
PCR, several problems were encountered. The elec-
trode in the reaction vessel soon became black. The
repeatability of migration times and peak areas was
very poor. As is shown in Fig. 4, the baseline signal
was unstable and noisy. A possible explanation is
that fluorescamine is reduced on the electrode, or

0 0.5 1 1.5 2
Concentration (mmol l'l)
Fig. 3. Influence of the concentration of fluorescamine on the

fluorescence intensity and signal-to-noise ratio of G4. Fluores-
camine was prepared in acetone. For other conditions see Fig. 2b.



218 R. Zhu, WT. Kok / J. Chromatogr. A 814 (1998) 213-221

e

0 2 4 8 0

Time (min)
Fig. 4. Electropherograms of G4 without () or with (b) LiCIO, in

the reagent. Sample: 0.1 mmol | ~* G4; experimental conditions as
in Fig. 2b.

that an unknown product of the electrode reaction
disturbs the detection. We have tried to solve the
problem by adding iodine to the PCR. lodine, which
is well soluble in acetone, is easily reduced and may
therefore prevent other unfavorable reactions on the
cathode. It appeared that the baseline stability was
improved with the addition of iodine. However, the
observed sensitivities were strongly reduced, pos-
sibly by the absorption of light or fluorescence
guenching by the iodine molecules. Ancther possible
cause for the unstable baseline obtained could be the
low (and unstable) conductivity of the PCR. There-
fore, we examined the effect of the addition of
lithium perchlorate, which has a relative high solu-
bility in acetone. The addition of 0.5 to 5 mmol |+
of LiClO, to the PCR strongly improved the baseline
stability. No significant effect of the low concen-
trations of LiClO, on the sengitivities was observed.
Therefore in further experiments 1 mmol | ~* LiClO,
was used in the reagent.

Still, even with the addition of salt to the PCR, the
repeatability of peak areas and times was poor. It
was found that this problem could be solved by the
addition of a small amount of water to the PCR

Table 2
Influence of water content in PCR on R.S.D., relative fluorescence
intensity and electroosmotic flow®

Content of water in the PCR

0% 1% 5% 10%
FP 1 11 13 11
Moo (1078 mM?V7r s 5.73 5.72 6.02 6.06
R.SDS (t,) 2.7 038 03 03
R.SDS (A) 8.2 24 40 48

“Experimental conditions: 25 KV, 20 mbar, running buffer: 15
mmol | * boric acid, pH 9.5. [G4]=10 wmol | ~*.

® By comparison with the fluorescence intensity of 0% water.
‘n=5.

solvent. In Table 2, the effect of the water content of
the PCR on the sensitivity and repeatability for G4 is
shown. With 1 or 5% (v/v) water the best results
were found. The improvement of the repeatability by
the addition of water is probably also related to the
increased conductivity of the PCR with water. With-
out water, the (low) conductivity of the acetone
solution might fluctuate with the leakage of water
into the reagent reservoir from the separation buffer.
The fluctuating voltage drop over the PCR solution
could induce the poor repeatability of the migration
time. With 10% water, the fluorescamine reagent was
found to be too unstable, causing decreasing sen-
sitivities after a few analyses. Finally, the optimum
composition of the PCR was found to be 1 mmol | *
fluorescamine and 1 mmol I ~* LiClO, in water—
acetone (5:95).

In our postcolumn reaction system, the grounded
electrode is placed in the reagent vessel. Therefore,
we did not find a large influence of the conductivity
of the PCR on the migration times, as had been
found by Wu et al. [23]. As long as the conductivity
was above a minimum limit, the water or salt content
of the PCR effected the migration times only margi-
nally. Moreover, the current during the separation
was found to be stable.

3.5. Comparison of fluorescamine and OPA

Fig. 5 shows the electropherograms obtained with
a standard solution of amino acids after postcolumn
derivatization with fluorescamine and OPA. The
concentrations of the amino acids with fluorescamine
and OPA were 0.35 and 0.25 wmol | ™%, respectively.
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0 2 4 6 8 10 12
Time (min)

0 2 4 6 8 10 12
Time (min)
Fig. 5. Electropherograms of amino acids derivatized with fluores-
camine (a) and OPA (b). Separation buffer, 20 mmol | ~* boric acid
pH 9.5. Fluorescamine reagent is as in Fig. 2b. OPA reagent as in
Ref. [13]. Other conditions as in Fig. 2b. Peaks: 1=Lys, 2=Gly,
3=His, 4=Ser, 5=Glu and 6=Asp.

When fluorescamine was used, there were some
problems with the determination of the basic amino
acids. The peak of Lys was very broad at higher
concentration, and the His peak disappeared when
the concentration was lower than 0.8 pmol | ™*. In
the case of OPA, a negative peak appeared where the
peak of Lys should be so that the Lys peak could not
be observed at low concentration (0.25 pmol 171).
The detection limits of amino acids are listed in
Table 3. The results with OPA for some amino acids
were dightly better than that with fluorescamine.
Fig. 6 shows the electropherograms obtained with
a standard solution of Gly and its oligomers after
postcolumn derivatization with fluorescamine and
OPA. It can be seen that when fluorescamine was
used in the PCR, the peak heights of the oligopep-
tides were similar to that of Gly. However, when
OPA was used, the difference in sensitivity between
Gly and oligopeptides was considerable. Similar
results with OPA have been obtained by Chow et al.
[19]. They showed that it is not a Slow reaction rate
but the low fluorescence yield that results in the low
sensitivity of small peptides. In both pre and post-
column derivatization with OPA, the difference in
fluorescence intensity between Gly and its oligomers
was larger than with UV absorption, and the sen-
sitivity with fluorescence detection was even worse
than with UV detection for these small peptides.
The detection limits for the oligopeptides ex-
amined in the experiments with fluorescamine and
OPA are dso listed in Table 3. The detection limits
are around 0.1 pmol |~ with fluorescamine. There is

Table 3

Detection limits of some amino acids and small peptides deriva-
tized with fluorescamine (Flu) and OPA by postcolumn deri-
vatization

Compounds LOD Compounds LOD

(wmol 17%) (wmol 174
Flu OPA Flu OPA
Ala 0.09 0.08 GG 0.06 0.7
Gly 0.04 0.1 G3 0.07 0.7
Lys 0.1 - G4 0.1 1.0
His 0.8 0.13 G5 0.1 0.8
Ser 0.04 0.05 G6 0.1 0.9
Glu 0.04 0.1 AA 0.2 0.8
Asp 0.06 0.1 AGG 0.1 20
A5 0.07 14
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Fig. 6. Electropherograms of Gly and its oligomers derivatized
with fluorescamine (8) and OPA (b). Injected concentrations: 10
wmol | ~*. *: EOF marker. Other conditions as in Fig. 5.

"

Time (min)

Fig. 7. () Electropherogram of a hemoglobin tryptic digest. The
digestion mixture was 5 times diluted by running buffer (15
mmol | * borate) before injection. Other conditions as in Fig. 2b.
(b) Electropherogram of a cytochrome c tryptic digest. The
digestion mixture was 1:1 diluted by running buffer (15 mmol | *
borate) before injection.
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no obvious decrease in the sensitivity with an
increase of the peptide chain length. For Ala and its
oligomers, a different phenomenon was observed. A5
has a stronger fluorescence and lower limit of
detection (LOD) than Ala and AA. The LODs for
small peptides are approximately two orders of
magnitude better than those reported in a study in
which OPA was used as the PCR and a He—Cd laser
as the excitation source [24]. However, in this study
a narrower capillary (30 wm 1.D.) was used as
reactor. The linear ranges found for the peptides
were from 50 pmol |~ to 0.1 pwmol I, covering
almost three orders of magnitude.

The method was used for the determination of the
tryptic digests of proteins. Fig. 7a and b show the
separation of the tryptic digests of cytochrome ¢ and
hemoglobin, respectively. The final concentrations of
proteins used in the experiment were 4 and 0.8
pmol |~ of cytochrome ¢ and hemoglobin, respec-
tively. The separation was conducted in a simple
boric acid buffer. Compared with UV detection (the
results are not shown), the sensitivity was at least
increased 10-fold.
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