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Abstract

Thyrotropin-releasing hormone (TRH, pGlu-His-Pro-amide) is an important tripeptide existing in biological systems at low concentrations.
It is a fairly hydrophilic peptide, cationic in acidic solutions. Preconcentration online before reversed phase chromatography separation can
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nhance concentration detection limits of hydrophobic, but not hydrophilic species. The hydrophilic TRH can be preconcentrat
eversed phase precolumn charged with sodium dodecyl sulfate (SDS). The separation also uses SDS. The preconcentration is
microbore system, achieving detection limit of 250 pM for a sample size of 500�l with electrochemical detection of the biuret comp

ormed post column. Preconcentration using an online precolumn is also effective in packed capillary high-performance liquid chrom
HPLC) with a detection limit of 3 nM in 24�l.
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. Introduction

Thyrotropin-releasing hormone (TRH) is an important
europeptide originally discovered in the hypothalamus as a
eleasing factor for pituitary hormones such as thyrotrophin
nd prolactin[1,2]. From a therapeutic perspective, admin-

stration of TRH and some of its stable analogs, appear to
ave neuroprotective and anti-convulsive effects[3–8]. It is
lso present in other brain areas with proposed additional,
lthough not yet fully elucidated, functions[9–11].

Radioimmunoassay (RIA) has been used for TRH assays
n serum and various tissues from rat[12–16]. Though pow-
rful, RIA suffers from the drawbacks that it is too selective

o be useful for determining all the members in a family of
elated peptides, but may not be selective enough to deter-
ine a single peptide accurately. In fact, analogs of TRH

∗ Corresponding author. Tel.: +1 412 624 8520; fax: +1 412 624 1668.
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that displayed similar immunoactivity as TRH have b
found in various rat tissues[17–21]. Therefore, a “separat
and-detect” approach is preferred. High-performance li
chromatography (HPLC) with UV–vis detection only wo
at low sensitivity[22–25]. While fluorescence detection fo
lowing HPLC or CZE separations is a powerful techni
for the determination of amino acids and peptides, it t
cally requires a primary amine or thiol group in the targe
molecule to be derivatized. Neither of these two functio
groups exists in TRH. Mass spectrometry (MS) couple
chromatography has been used qualitatively in character
this peptide[20] and to determine the sequence of some o
analogs that may not be distinguishable in RIA[21,26,27].
There are very few works on quantification of TRH by M
and these are not routine methods. Reports were foun
field-desorption ionization following LC[28] and on fas
atom bombardment ionization following GC by looking
the fragments[29]. A simpler detection method with hig
sensitivity and selectivity is still desirable.

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Selective chromatographic detection of peptides has been
established based on the reversible electrochemistry of
the Cu(II)/Cu(III) couple in polydentate peptide complexes
[30–33]. The detection relies on the coordination reaction of
peptides and Cu(II), also called the biuret reaction[34,35].
TRH forms electroactive complex with Cu(II) thus is de-
tectable with the above method. In rat brain, TRH concen-
tration ranges from roughly 2 nM (cerebellum) to 350 nM
(hypothalamus)[11]. The targeted sample for dialysate
analysis—extracellular fluid, is expected to contain lower
concentrations of TRH. The low endogenous levels in biolog-
ical samples are a challenge for the electrochemical detection
of bioactive peptides. One method to improve sensitivity is
to preconcentrate the analytes. Moreover, on-line preconcen-
tration is preferred over off-line for higher efficiency.

Works on online preconcentration methods for liquid
separations are limited, especially for capillary LC. For
hydrophobic analytes (e.g. hydrophobic peptides), reversed
phase precolumns as injection loops trap and preconcentrate
the analytes[36,37]. A simpler alternative is to inject a large
volume of sample in a lower strength solvent, and elute
the retained analytes with the higher strength mobile phase
[38–40]. This method evidently will not apply to hydrophilic
molecules. TRH is a hydrophilic cation in weak acidic solu-
tion, while the general mobile phases for peptide separation
h pre-
c t very
p rong
i alysis
o ents
w ped
i ted
b
I ation
m of a
s quid
c ersed
p no
w nline
p

2

2

nate
s dium
t were
f ur-
t cs,
U
d ugh
a r
c ased
f

The chromatographic apparatus included a LC-10AD Shi-
madzu pump (Kyoto, Japan) delivering mobile phase (0.1%
TFA, 2% 1-propanol, 20% acetonitrile and 3 mM SDS in wa-
ter), a Rheodyne injector, and a Jupiter 150 mm× 1.0 mm
C18 reversed phase column from Phenomenex (Torrance,
CA, USA). The postcolumn biruet reagent (0.5 mM CuSO4,
3 mM sodium tartrate, and 1 M carbonate, pH 9.8) was deliv-
ered by a 100 DM syringe pump from ISCO (Lincoln, NE,
USA). The typical flow rates were 50�l/min in the column
and 20�l/min for the biuret reagent. A mixing tee and teflon
tubing with 100�m i.d. and 12.5�l volume (both from Up-
church, Oak Harbor, WA, USA) were used as the postcolumn
reactor. Both the column and the reactor were put in a tem-
perature controller (model LC-23A, BAS, W. Lafayette, IN,
USA) which was maintained at 50◦C.

A 4.0 mm× 2.0 mm C18 guard column from Phenomenex
was used as the preconcentration column (also called precol-
umn or preconcentration loop in this work). It was connected
to the injector by a 16 cm 62�m i.d. PEEK (polyetheretherke-
tone) tube (about 0.5�l). Before each loading, the precolumn
was preconditioned with 1250�l of 0.1% TFA and 3 mM
SDS solution. Then about 500�l of analyte solution were
loaded into the precolumn. There was a 2 min or longer delay
time before the injector was switched to injection position.

The electrochemical detector was a BAS LC-4C thin layer
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ave acidic pH due to trifluoroacetic acid. This makes
oncentration on the reversed-phase column head no
romising. For charged analytes, a few works about st

on exchange precolumns have been reported. In an an
f trypsin digested BSA, strong cationic peptide fragm
hich featured Arg or Lys as terminal residues were trap

n a 250�m i.d. strong ion exchange precolumn and elu
y a neutral buffer prior to a microbore HPLC system[41].

n the present work, we describe an online preconcentr
ethod to enrich TRH through sorption in the presence

urfactant. Ionic interactions have been widely used in li
hromatography to achieve better separation on rev
hase columns[42,43]. To the best of our knowledge,
orks have been reported on surfactant-assisted o
reconcentration of cationic peptides.

. Experimental

.1. Microbore HPLC

Reagents and sources were as follows: sodium cabo
odium bicarbonate, cupric sulfate pentahydrate, diso
artrate dihydrate, and sodium dodecyl sulfate (SDS)
rom Sigma (St. Louis, MO, USA) and used without f
her purification. TFA was from Avocado (Heysham, Lan
K). TRH was from Sigma and stored at−20◦C. Doubly
eionized water used in all solutions was obtained thro
Milli-Q system (Millipore, Bedford, MA, USA). All othe

ommon reagents were of AR grade or better and purch
rom commercial sources.
,

ow cell, with a dual glassy carbon electrode (3.0 mm dia
er) and a 13�m thick teflon spacer (both from BAS). Dete
ion potential was +0.9 V at the upstream electrode, + 0
t the downstream electrode versus Ag/AgCl reference

rode (3 M NaCl, BAS). Data were collected and proce
ith EZChrom software (Sci. Software, San Ramon,
SA). All necessary fittings and tubings are from Upchu

Oak Harbor, WA, USA).

.2. Capillary HPLC

Reagents and sources were as follows: TFA an
ropanol were from Sigma; disodium tartrate dihyd
nd sodium hydroxide were from Baker (Phillipsburgh,
SA); copper sulfate pentahydrate was from Fisher (P
urgh, PA, USA); acetonitrile (ACN), sodium carbonate,
odium bicarbonate were from EM Science (Gibbstown
SA); TRH was from Bachem (King of Prussia, PA, US
DS was from Fluka (Switzerland). The copper sulfate

ahydrate and disodium tartrate dihydrate were recrysta
nce from water. All other reagents were used without fur
urification, but purities were taken into account in prep

ion. De-ionized water from a Millipore A10 Synthesis s
em was used for all solutions. All mobile phases and b
eagent solutions were filtered through 0.45 mm nylon m
ranes (Osmonics, Minnetonka, MN, USA) before use.

The chromatographic instrumentation included a Wa
00 E quaternary pump for mobile phase (0.1% TFA, 3%
ropanol, 20% acetonitrile, and 2.2 mM SDS), a split tee

ow flow rates, a VICI injector (Valco Instrument Compa
ouston, TX, USA), and a home-packed capillary colu
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Injections were made through 100�m silica capillary with
an Upchurch inline filter (part # M-520) to one of the injector
ports. A Harvard Model 11 syringe pump (Harvard Appara-
tus, Inc., Holliston, MA, USA) was used to pump the biuret
reagent (2.5 mM CuSO4, 12.0 mM sodium tartrate, and 0.6 M
carbonate, pH 9.83). Typical flow rates were 800 nl/min for
the HPLC and 250 nl/min for the biuret. The two streams
were mixed for postcolumn reaction in a home-made device
[44]. At the end of the reactor, the copper(II)-peptide com-
plexes were detected at +0.80 V versus Ag/AgCl (3 M NaCl)
with a 10�m carbon fiber electrode 1.0 mm in length. The
potential was controlled with a BAS Epsilon potentiostat.

Capillary columns were slurry packed with the technique
described previously[45]. Typically 100�m silica capillar-
ies were slurry packed with 2.0�m prototype bridged hybrid
C18 (Waters, Milford, MA, USA) reversed-phase particles.
The packed length was typically 6–8 cm. The preconcentra-
tion loop was packed in a 7.0 cm long 75�m i.d. silica capil-
lary with 5�m C18 packing material. The packed length was
2 mm. Before each loading it was preconditioned with a so-
lution containing 0.1% TFA and 3.0 mM SDS. Reactors were
constructed with 50�m silica capillaries and 18�m tungsten
wires, according to previously published procedures[44].
The mixing length was 6 or 6.6 cm, stated in figure captions.

All fused-silica capillaries were from Polymicro (Phoenix,
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Fig. 1. Sketch of the combine-split reactor. The tubings connecting the
crosses were 65�m i.d., 40 cm long each. Crosses and the Tee have 0.05 cm
through holes. Dimensions of the detection cell are in Section2.

band spreading. For microbore HPLC, a combine-and-split
reactor achieved good mixing of eluents and biuret reagent.
Fig. 1shows a sketch of this reactor. It operates in the Taylor
regime under the employed flow rate of 70�l/min. Because
of the three crosses employed, the reactor provides additional
mixing over that in a single open tube with the same volume.
The total reaction volume was 12.5�l. This reactor was used
throughout the microbore HPLC work. In the capillary HPLC
experiments, staying in the Taylor regime, efficient mixing
took place in a 120 nl capillary (50�m i.d., 6.0 cm).

TRH is not retained in a typical TFA/ACN mobile phase
(data not shown). This is due to the low molecular weight
and high polarity of TRH. A hydrophobic anionic additive,
heptafluorobutyric acid (HFBA), is able to shift the retention
of TRH to longer times. Unfortunately, it was found that the
added HFBA deactivated the electrode very quickly, making
the detection irreproducible.

Alternatively, 2–3 mM SDS retained TRH as an additive
in the mobile phase. Acetonitrile had to be included in the
mobile phase to achieve a practical retention time.Fig. 2
shows the signal and retention time of TRH standard at var-
ious fractions of ACN in the SDS-containing mobile phase.
In a 10% ACN mobile phase, TRH was not eluted within
40 min. Higher ACN level of 20% brought the TRHk′ to a
reasonable value of 2–3. In capillary HPLC, this percentage
o ′
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Z, USA). All necessary fittings and tubings are from U
hurch. All syringes used are from Hamilton (Reno,
SA).

.3. Brain tissue samples

The tissue samples were supplied by Prof. Mats Sand
he detailed preparation procedures have been previous
cribed[43,46,47]. Briefly, rat hippocampus is homogeniz
nd extracted with 90% (v/v) methanol. Lyophilized extra
re stored frozen until use. Before injection, samples
econstituted in 500�l water, sonicated 6 min, centrifug
or 10 min (Jouan, Winchester VA, 12,000 rpm), and filte
0.2�m). Typically, somewhat less than 500�l are recovere
or injection.

. Results and discussion

In the dual electrode detection mode, the downstr
cathode) electrode typically has a better baseline and s
o noise ratio than the upstream (anode) electrode. We
ocus our discussion on the downstream electrode sign
icrobore HPLC.
As the postcolumn reaction is essential in the detec

cheme, the mixer had to be optimized for complete rea
et minimal band broadening. Preferably, the radial diffu
n the tubing needs to be predominant over axial diffusion
onvection. We will call this regime of convective dispers
he Taylor regime[44,48]. It allows for good mixing whe
wo flow streams come into one open tube without exce
f ACN gives a similark value.
Under the above conditions, TRH displayed a linea

ponse in the range of 100–500 nM. The regression of
rea (in nC) versus TRH mass (in pmol) gave an in
ept much smaller than its uncertainty. Regression
he calibration curve forced through zero yieldsy= 0.22x

ig. 2. Optimizing acetonitrile content in the SDS-containing mobile ph
obile phase contained 0.1% TFA, 2% 1-propanol, 3.0 mM SDS, and s
mount of ACN. TRH concentration: 500 nM. Sample loop: 20�l; �: peak
rea;©: retention time.
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(R2 = 0.9845). The detection limit (3σ) is 4.8 nM. (S/N value
for 100 nM injection was about 55, for 500 nM injection was
about 400).

In an effort to push the concentration detection limit to
a lower level, we attempted to use the column head to pre-
concentrate TRH by analogy to reversed phase LC. However,
because the large volume of low strength solvent (usually wa-
ter) disturbed the equilibrium of SDS between the mobile and
stationary phases, a long equilibration time, at least several
hours, was found necessary to get reproducible separation.

A postulated solution to this problem is to put a small C18
precolumn in the injection loop, which is preconditioned with
SDS-containing aqueous solution. The SDS generates a neg-
atively charged layer on the stationary phase by hydrophobic
interaction. When the sample prepared in aqueous solution is
loaded into the preconditioned precolumn, molecules parti-
tion between the “mobile phase” water and the SDS-modified
stationary phase. During this procedure the anionic and neu-
tral hydrophilic and weakly hydrophobic species go through
the precolumn to waste, while the cations and hydrophobic
species stay in the precolumn. When the loop is switched into
the separation system, the mobile phase desorbs the TRH (and
some SDS). One of the advantages of this strategy is that it re-
moves the interfering species such as salts which commonly
exist in biologic samples.
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Fig. 4. Signals of preconcentrated TRH at different concentrations in mi-
crobore HPLC.

The low detection limit obtained from this detection
approach made analysis in biological samples promising.
Homogenized rat brain tissue was then introduced into the
set-up. InFig. 5, a clear peak is observed at the same retention
time that TRH is eluted. It corresponds to 0.3 pmol TRH
per milligram of hippocampus tissue. This value was within
the concentration range from the literature[11,49,50]. The
chromatogram is fairly clean because the preconcentration
step removed many interfering species.

It could be concluded that the above preconcentration
method was successful in terms of detection limit and com-
patibility with biological samples. Sensitivity was enough for
physiological analysis, and selectivity was assured by the use
of precolumn and dual electrode cell. However, there is a very
serious drawback, which is the large sample size required for
the determination. The loaded volume in the brain tissue anal-
ysis was 470�l. This is not practical for many samples. In
this perspective, the system volume had to be decreased to
accommodate much smaller sample sizes. Accordingly, the
preconcentration strategy had to be carried out in a capillary
format. The chemistry behind it should work regardless of
the size of the column.

In a capillary chromatography systems there are two po-
tential sources of extracolumn band spreading: precolumns
and post column reactors. A locally developed post column
r ment

F le by
m n-
t as
1

It is interesting to find that the solvent composition
ample has a great effect on the preconcentration. Sho
ig. 3, TRH in water gave a much narrower peak than in 0
FA/3 mM SDS (the precondition solution). This implies t
iological samples such as microdialysates could be dir

ntroduced to the precolumn.
As a demonstration of the preconcentration appro

00�l of TRH standard solutions from 5 to 100 nM we
oaded each time and detected. InFig. 4 the chromatogram
how that both the retention time and peak width of TRH
onsistent. Similar to the case without preconcentration
ntercept from regreassion (nC versus pmol) was also sm
han the associated standard error. Regression anew
alibration curve ofy= 143.1x (R2 = 0.9490). The detectio
imits (3σ in each case) from chromatograms of 5, 10
0 nM injections were 142, 340 and 250 pM. We conc

hat 250 pM is the detection limit of this technique for TR

ig. 3. Comparison of signals of preconcentrated TRH prepared in
ontaining solution and in water. TRH concentration: 500 nM; loaded
me: 500�l.
eactor[44] has been demonstrated to meet the require

ig. 5. TRH determination in a homogenized rat brain tissue samp
icrobore HPLC. Sample was reconstituted in 500�l water, sonicated, ce

rifuged and filtered. A volume of 470�l was injected. The standard w
00 nM TRH.
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of low sample volume and virtually no band broadening post
column.

As for the precolumn, there are no commercial guard
columns to use as the precolumn to match the much smaller
size of the separation column. In preparing precolumns with
capillaries, not surprisingly, the system brought up some en-
gineering issues. The most important concern was the void
volume of the tubing that connects the precolumn to the in-
jector relative to the volume of the precolumn. For uniform
sample loading, the void volume should be negligible com-
pared to that of the precolumn. However, it is extremely hard
to achieve because the packed precolumn will already be
very small. At the same time, the port-to-port distance of the
injector determines the minimum length that can be used.
If the capillary loop/precolum is too short, the strain will
lead to breakage. Larger i.d. capillaries, though providing
lower back pressure and therefore allowing for easy man-
ual injection, are easily broken at the frit. In order to reduce
the unpacked void volume, shorter, smaller i.d. capillaries
are preferred. Loop/precolumns that failed (broke at the frit)
were (o.d./i.d.,�m) 360/250, 330/180, and a system that was
360/40 in series with a <1 cm packed 360/250 and another
360/40. In the latter system, a single high pressure connec-
tor (LC Packings TF-250) covered the precolumn and over-
lapped with the 360/40 on both sides. On the other hand,
l sful.
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Fig. 7. Comparison of TRH signals before and after preconcentration in
capillary HPLC. The postcolumn mixing length was 6.0 cm in 7a and 6.6 cm
in 7b.

affected by overloading of the precolumn, but by other pa-
rameters, most likely the construction of the precolumn.

Fig. 7 gives a comparison of the TRH signal before and
after the preconcentration column was introduced. The 5�M
and 100 nM TRH standards gave similar signal to noise ratio
(approximately 100 in both cases).Fig. 7b signal corresponds
to a detection limit of 3 nM. It can be concluded that after
preconcentration the concentration sensitivity of the current
detector to TRH could be increased up to 50 fold.

Injection to injection repeatability is a function of the
amount injected for the microbore experiments. Coefficients
of variation range from 3% for 5 nM (500�l) injected to 21%
for 100 nM (500�l) injected. For the capillary system, the
coefficient of variation is about 20% for volumes of 8.5 and
13.5�l (500 nM).

The precolumn can be improved by optimizing its con-
struction. The packed length should not be too short, in
that sufficient partition process was required to stack TRH
molecules into the precolumn. On the other hand, the packed
length could not be too long, otherwise the back pressure in-
troduced in loading the precolumn would be hard to handle.
Large i.d. tubings can be used for larger packed volumes, if
ways can be found to prevent the thinner-wall capillaries from
snapping. To limit void volume is also very important. Cur-
rently, the volume ratio of the precolumn and the separation
c LC.
T iated
w th as
w city.

4

mple
l mi-
c pre-
c RH
3 les,
e eu-
r ved
f t of
t lec-
t

oop/precolumns with thicker walls, 360/75, were succes
or 75�m i.d. silica capillary, a 7 cm total length preconc

ration loop did not break on being connected to the inje
nly a 2 mm length at the end of this capillary was pac
he back pressure was low enough to be permit injection
50�l Hamilton gastight syringe.
To test if such a packed preconcentration loop works, T

tandard solutions of the same concentration were loade
he loop at different loading volumes. Loaded volumes w
orrected for the volume of the tubing from injection p
o injector and the dead volume of an inline filter (1.5�l to-
al). After each loading, the loaded loop was switched
he system for analysis. The signals from Cu(II)-TRH w
roportional to the loaded volume as expected, with a ra
ood correlation coefficient (seeFig. 6). The bands were ta

ng to some extent, but the tailing did not get worse as lo
olume increased. This implied that the band shape wa

ig. 6. Peak areas resulting from different loaded volumes of 500 nM
tandards with preconcentration in capillary HPLC.
olumn is much smaller than that in the microbore HP
his is mostly due to the engineering restrictions assoc
ith compromising between better mechanical streng
ell as smaller void volume and bigger precolumn capa

. Conclusion

SDS-modified precolumn as a preconcentration sa
oop is successful. The same chemistry worked on both
robore and capillary HPLC systems. Introducing of
oncentration column improved the detection limit of T
0–50 fold in both systems. Analysis of biological samp
specially microdialysates, is ultimate in the study of n
opeptides. The capillary HPLC system has to be impro
or this purpose. Two feasible ways are improvemen
he precolumn construction and improvement of the e
rochemical detector.
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