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Temperature-based on-column solute focusing in capillary liquid
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dispersion and volume overload when used alone or with
solvent-based focusing
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Abstract

On-column focusing is essential for satisfactory performance using capillary scale columns. On-
column focusing results from generating transient conditions at the head of the column that lead to
high solute retention. Solvent-based on-column focusing is a well-known approach to achieve this.
Temperature-assisted on-column focusing (TASF) can also be effective. TASF improves focusing
by cooling a short segment of the column inlet to a temperature that is lower than the column
temperature during the injection and then rapidly heating the focusing segment to the match the
column temperature. A troublesome feature of an earlier implementation of TASF was the need to
leave the capillary column unpacked in that portion of the column inside the fitting connecting it
to the injection valve. We have overcome that problem in this work by packing the head of the
column with solid silica spheres. In addition, technical improvements to the TASF instrumentation
include: selection of a more powerful thermo-electric cooler to create faster temperature changes
and electronic control for easy incorporation into conventional capillary instruments. Used in
conjunction with solvent-based focusing and with isocratic elution, volumes of paraben samples
(esters of p-hydroxybenzoic acid) up to 4.5-times the column liquid volume can be injected
without significant bandspreading due to volume overload. Interestingly, the shapes of the peaks
from the lowest volume injections that we can make, 30 nL, are improved when using TASF.
TASF is very effective at reducing the detrimental effects of precolumn dispersion using isocratic
elution. Finally, we show that TASF can be used to focus the neuropeptide galanin in a sample
solvent with elution strength stronger than the mobile phase. Here, the stronger solvent is
necessitated by the need to prevent peptide adsorption prior to and during analysis.

Keywords
Volume overload; capillary HPLC; on-column focusing; temperature

"To whom correspondence should be addressed: sweber@pitt.edu; Phone: 412-624-8520.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Groskreutz et al.

Page 2

1. Introduction

When sample volumes are small and quantitative analysis of low-concentration analytes is
the goal, it is generally advantageous to use capillary liquid chromatography [1]. The
advantage arises from the fact that the use of capillary columns minimizes the dilution of the
analytes [2,3]. With a concentration-sensitive detector, concentration detection limits
improve as the injected volume of the sample increases or the column diameter decreases up
to a point, however volume overload results when the injection volume contribution to
observed bandspreading becomes significant [4,5]. This contribution of the injected volume
to bandspreading is dependent on the solute retention factor in the sample solvent. If
retention is low, injection-related band spreading can be significant. Volume overload
effects are lower for highly retained solutes. Thus, injecting aqueous samples onto a
reversed phase column can be effective at eliminating volume overload as solutes are
retained well while the sample solvent is temporarily acting as the mobile phase. This
concentration effect is termed solvent-based on-column focusing and is a simple solution to
the volume overload problem [3,6].

Temperature also affects retention. Typically in reversed-phase liquid chromatography
retention increases as temperature decreases [7,8]. Thus, as we have recently shown [9],
temperature-based on-column solute focusing (TASF) can be used to minimize the volume
overload problem. TASF works by maintaining a temperature of a short segment (e.g., 1 cm)
at the head of the column well below the rest of the column temperature for the time period
during the injection. Following sample loading and analyte focusing due to increased
retention, the temperature of the column (focusing) segment is rapidly heated to match the
rest of the column. TASF should be most effective with capillary-scale columns because of
their low thermal mass and small radius. The former permits rapid temperature changes
while the latter is responsible for rapid relaxation of thermal gradients in the column.

Previously, the Greibrokk group exploited sub-ambient column temperatures to focus large-
volume samples of retinyl esters, polyolefin based Irganox antioxidants and ceramides onto
the head of capillary columns [10-14]. High solute hydrophobicity and poor solubility in
water necessitated the use of neat acetonitrile mobile phases. Temperature was left as the
only variable to enhance focusing and control elution. They initiated temperature programs
(for the entire column) at sub-ambient temperatures, ca. 5 °C, to focus these solutes in
samples made in 80-100% acetonitrile. Later Holm et al. developed a column oven with
separate hot and cold zones where a capillary column was moved in-space from the cold
zone to a hot zone following temperature-assisted online preconcentration of Irganox
samples dissolved in acetonitrile [15]. Eghabali et al. also used temperature to enhance
detection sensitivity in capillary LC [16]. In this approach a 1 cm long segment of column
near the outlet was cooled cryogenically to =20 °C to trap and re-focus specific proteins
within defined regions of the chromatogram. Following focusing, boiling water was used to
heat the nitrogen gas flowing around the cooled segment to rapidly release focused bands in
targeted regions of the chromatogram.

In our previous work [9], we demonstrated that TASF decreases volume overload
significantly when the sample is prepared in a liquid with the same composition
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(chromatographic strength) as the mobile phase. Here, we demonstrate that TASF is also
effective in isocratic elution: 1) when the sample solvent is weaker than the mobile phase,
and 2) when the sample solvent is stronger than the mobile phase. In the former case, TASF
and solvent together dictate the k’ of the solutes during the injection. In the latter case, TASF
makes it possible to inject large volumes. Among other technical improvements to the TASF
system, we have also automated its control and we demonstrate here its reproducibility in
controlling column temperature and focusing for large volume samples.

2. Materials and methods

2.1 Reagents and solutions

Methyl, ethyl, and n-propy! esters of p-hydroxybenzoate (parabens) were purchased from
Sigma-Aldrich (St. Louis, MO). Standard solutions of each paraben were prepared by first
dissolving in acetonitrile (AN), then diluting to the desired concentration and solvent
composition with deionized water (DI). Galanin (1-29) (rat) was obtained from Tocris
Bioscience (Ellisville, MO). DI water was from an in-house Milli-Q Synthesis A10
purification system (Billerica, MA) and used without further treatment. Phosphoric acid
(HPLC grade) and LC/MS grade acetonitrile were from Fisher Scientific (New Brunswick,
NJ). Trifluoracetic acid (HPLC grade) and uracil were also from Sigma-Aldrich.

2.2 van’t Hoff retention studies using commercial columns

2.2.1 Chromatographic instrumentation—A Jasco X-LC system composed of a
3059AS autosampler, dual 3085PU pumps, 3080DG degasser, 3080MX high pressure
mixer, CO-2060 thermostated column compartment, 3177UV variable wavelength UV
absorbance detector and LC-Net 1I/ADC from Jasco Inc. (Easton, MD) was used to evaluate
the temperature dependence of solute retention. Instrument control and data analysis was
achieved using EzChrom Elite software (version 3.2.1, Agilent Technologies, Santa Clara,
CA)

2.2.2 Chromatographic conditions—A total of three van’t Hoff retention studies using
a commercially available 1 mm I.D. Waters Acquity BEH C18 column (50 mm x 1.0 mm
1.D.; 1.7 um dp,; Waters Corp., Millford, MA). were performed for methylparaben,
ethylparaben, and propylparaben Solute retention enthalpy values were determined for
mobile phases consisting of 70:30, 80:20 and 90:10 (10 mM H3POy, pH 2.7: AN). Column
temperature was varied from 25 to 65 °C in 20 °C steps. Samples of 15 uM uracil and 25 uM
of each paraben were made at each mobile phase composition. The injection volume was 1.0
uL, flow rate was 0.1 mL/min, and peaks were detected by absorbance of UV light at 220
and 254 nm. Injections were performed at each temperature in triplicate. Extra column time
was determined by replacing the column with a zero dead volume union.

2.3 Second generation TASF instrumentation and chromatographic conditions

2.3.1 Column preparation—Capillary columns used in all TASF experiments were
prepared by packing either Acquity BEH C18 or Acquity CSH C18, 1.7 um particles
(Waters) into 100 or 150 pm 1.D. fused-silica capillaries from Polymicro Technologies
(Phoenix, AZ). Columns were fritted using an electrical arc to sinter 2 um solid borosilicate

J Chromatogr A. Author manuscript; available in PMC 2016 July 31.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Groskreutz et al.

Page 4

spheres (Thermo Scientific, Fremont, CA) into the end of the column blank. Particles were
slurried, 65 mg/mL, in isopropanol and sonicated for 20 minutes prior to packing using the
downward slurry method. Fritted blanks were placed into an ultrahigh pressure column
packing fitting adapted from that previously described [17]. A model DSF-150 pneumatic
amplification pump from Haskel (Burbank, CA) was used to pack columns at 20,000 psi for
20 minutes. Acetone was used as the packing solvent. Defined length columns, ca. 4.5-6.5
cm, were packed by controlling the mass of particles loaded into the packing reservoir. The
remainder of the capillary blank was packed with 8 um solid silica spheres (Thermo) for an
additional 20 minutes at 20,000 psi. The silica spheres were slurried at a concentration of
100 mg/mL in a mixture of 50:50 (v/v) isopropanol/water.

2.3.2 TASF instrumentation—A 3D rendering of the TASF instrumentation is shown in
Fig. 1. A Thermo Scientific Ultimate 3000 RSLCnano high pressure gradient pump
(NCS-3500RS, Germering, Germany) was used to deliver mobile phase. System pressure
was monitored using an externally mounted pressure transducer (DF2-SS-01-15000, DJ
Instruments, Billerica, MA). The outlet of the pressure transducer was connected to a
Cheminert injection valve (C72x-669D, VICI Valco, Houston, TX) viaa 75 pm x 35 cm
fused silica nanoViper capillary (Thermo). A second 75 pm x 65 cm nanoViper capillary,
fluidic volume of 2.9 L, was used as the sample loop. (Note that all injection volumes were
dictated by precisely controlling the period of time the injection loop was in the path of the
column.) The sample loop was loaded by flow from the Ultimate ternary loading pump and
an HP1050 autosampler (Agilent, Waldbronn, Germany). The autosampler injection volume
was set to 75 L and loading pump flow rate was adjusted to ensure that each sample was
introduced into the nanoViper injection loop during the previous run. Capillary columns
were fitted directly to the injection valve and the column outlet was connected to an Acquity
TUV detector fitted with a 10 nL flow cell (Waters). Data acquisition at 25 Hz was achieved
via connection of the analog output of the Acquity TUV to the Jasco ADC described in the
van’t Hoff studies. Analysis was performed in MATLAB (MathWorks, Natick, MA) using a
simple peak finding algorithm to automatically find and measure peak full width at half
maximum (FWHM). The MATLAB script used to determine FWHM is provided in section
S3 of the Supplemental Information.

Temperature-based focusing was achieved using a 1.0 x 1.0 cm Peltier thermoelectric
cooling element (TEC) from Custom Thermoelectric (part number 04801-9G30-34RB,
Bishopville, MD). To enhance heat transfer between the TEC and the column a gallium-
indium eutectic was used at the interface between the TEC and column. An Agilent E3646A
DC power supply was used to drive the TEC. TEC temperature was set manually by
adjusting the current delivered by the power supply at fixed potential. A Type T
thermocouple (COCO-003, Omega, Stamford, CT) fixed to the surface of the TEC was
connected to a National Instruments 9213 16-channel high speed thermocouple input
module (Austin, TX). TEC polarity was changed using a simple electronically controlled
relay circuit. The TEC was mounted to a custom aluminum, liquid cooled heat sink. A Kryo-
Thermostat WK 5 chilled circulator (Lauda-Brinkmann, Delran, NJ) was used to pump an
ethylene glycol/water mixture at 1 L/min through the heat sink.
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The isothermal section of the column was heated resistively in a manner similar that used
previously [18,19]. Briefly, a Love Model 1500 proportional-integral-derivative (PID)
controller (Dwyer Instruments, Michigan City, IN) was used to control a Kapton resistive
heater (KHLV-103/10-P, Omega). The heater was attached to an aluminum block and an
SA1-RTD temperature sensor (Omega) was used to monitor temperature.

Instrument control and acquisition of temperature and pressure profiles was collected at 10
Hz using a simple LabVIEW program (National Instruments) written in-house. The injection
valve and TEC polarity were also controlled using LabVIEW via an NI 9403 digital 1/0
module, pressure and HP1050 autosampler remote start signals were monitored using a NI
USB-6008 DAQ.

2.3.3 TASF reproducibility study—To evaluate the instrumental improvements and
assess the speed of column temperature and pressure transients, an eighty-five injection
sequence was performed. The column was an 8.9 cm-long, 150 um 1.D capillary packed
with 1.7 um Acquity BEH C18 particles in the downstream 6.5 cm. The 2.4 cm segment of
the column at the inlet, which is inside the fitting holding it (see Fig. 1) to the injection valve
and also includes the space between the valve and edge of the TEC, was packed with 8 pm
dp solid silica spheres. We refer to such columns as “packed void” columns. In all
subsequent references to column length only the length of the stationary phase is reported; a
2.4 cm packed void segment is assumed. Flow rate was 4.0 uL/min, the mobile phase was
75:25 10 mM H3PO4/AN and the detection wavelength was 254 nm. A focusing time of 35 s
was used; T1 and T, were set to 0 and 65 °C, respectively. Each run was set to 10 minutes
(an 11.5 minute total cycle time including time for 1050AS to perform the injection) with
the whole experiment lasting 975 minutes.

2.3.4 Injection volume study—To replicate the results of our previous work with the
new TASF system a series of ten timed injection volumes in the range of 30 to 750 nL were
made in triplicate with and without TASF. The column was an Acquity BEH C18 packed
void column, 4.7 cm x 150 um I.D, 1.7 pm dp. Flow rate was 4.5 uL/min, the mobile phase
was 80:20 10 mM H3PO,4/AN and the detection wavelength was 254 nm. Column
temperature was 70 °C. TASF separations employed focusing temperatures of 5 °C,
focusing times of 15 s. Samples were made in mobile phase. Table S2 provides details
regarding injection volumes and sample concentrations used.

2.3.5 Solvent- and temperature-focusing injection volume study—The
complementary nature of solvent- and temperature-based on-column focusing was
demonstrated for injection volumes ranging from 100-2000 nL. Isothermal and TASF
injections of uracil, methylparaben, ethylparaben, and propylparaben were made in triplicate
with sample compositions of 80:20 (matching the mobile phase) and 95:5 10 mM
H3PO4/AN to evaluate the effect of solvent- and temperature-based focusing when both
focusing techniques were used together. An Acquity BEH C18 packed void column as
described in Section 2.3.3 was used. The fluidic volume of the column, excluding the
packed void, was estimated to be 450 nL. The flow rate was 3 pL/min; the mobile phase and
detection wavelengths were the same as Section 2.3.4. Column and focusing temperatures
were reduced to -5 and 62.5 °C to enhance temperature-based focusing. To accommodate

J Chromatogr A. Author manuscript; available in PMC 2016 July 31.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Groskreutz et al.

Page 6

the larger injection volumes the focusing time was increased to 45 s. Table S3 provides
details about the injection volumes and sample concentrations used.

2.3.6 TASF applied to increasing the sensitivity for the peptide galanin—
Isothermal and TASF separations were performed on samples of 100 nM galanin prepared in
80:20 water/AN. Injection volumes of 500 nL were made onto a packed void Acquity CSH
C18 column (6.0 cm x 100 ym 1.D., 1.7 um dp) with the mobile phase composition set to
85:15 0.1% trifluoroacetic acid/AN. Flow rate and detection wavelength were 0.85 pL/min
and 214 nm, respectively. Isothermal separations were performed at 65 °C. TASF
separations utilized focusing temperatures of =10 °C and focusing times of 40 s.

3. Results and discussion

3.1 Temperature dependence of retention factors

A commercially available Acquity BEH C18 column was used to determine retention factors
under the various solvent and temperature conditions used in TASF experiments. Retention
factors were corrected for extra-column volume using Eq. S1. Partial molar enthalpies
(Table S1) for each solute were determined from the van’t Hoff plots shown in Fig. S3 (Eq.
S2), using retention data collected over the 25-65 °C temperature range. Residual plots
showed no evidence of significant curvature, thus there was no substantial change in
retention enthalpy with temperature. We took advantage of this linearity to extrapolate
retention factors to sub-ambient column temperatures.

3.2 TASF instrumentation

We improved the technical capabilities of the TASF system by adding electronic control
with data logging, and incorporating the TASF system into the instrument control process of
a commercial autosampler. In addition, the physical apparatus is now robust and easily
incorporated into a capillary chromatography system. Fig. 1 is a 3D rendering of the
arrangement of the valve, column, TEC, resistive heater, pressure transducer, and other
related components of the TASF system. The inset panel shows the placement of the TEC
and capillary column. The TEC (1.0 cm x 1.0 cm x 1.6 mm, shown in gold) was mounted to
a custom aluminum heat sink fit inside a PVVC fixture machined to hold the TEC-heat sink
assembly and resistive heater for the downstream separation segment of the column. The
resistive heater (shown in red) used to heat the separation segment of the column was
maintained at constant temperature (T,) throughout the run. The TEC changes the column
temperature of the focusing segment from Ty to T, and back again. It is clear from the inset
panel of Fig. 1 that the majority of the thermal mass requiring the temperature change is
within the TEC, not the 360 um O.D. column. Therefore selection of a thin (low thermal
mass), high power TEC is desirable for rapid temperature changes from Ty to T,. The TEC
is rated at 10.9 W, significantly more powerful than the TEC (6.3 W) used in our previous
work [9] and is capable of changing temperatures of the focusing segment by approximately
60-70 °C (To— T1). The operator can choose actual T1 and T, values according to the need.
For example, to concentrate samples with low retention solutes (at the column temperature
and in the sample solvent), a low T; would be appropriate to increase focusing and decrease
volume overload. However, there is an attendant limitation on how high T, can be when is
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Ty low. If the desire is for high column temperature, then a higher focusing temperature (T1)
can be used, but this is accompanied by the need to inject smaller volumes to avoid volume
overload for the lower retention solutes.

To realize the benefits of TASF, solutes must arrive at the cooled trapping segment at the
same time. Thus, in our earlier work we advocated leaving the first ca. 2 cm of capillary —
the portion located within the injection valve and fittings — unpacked. The same concept was
applied in the work of Holm et al. work using temperature-based focusing with Irganox
antioxidants [15]. This void introduced a pre-column volume of more than 350 nL for the
150 um 1.D. columns used in our work. The void added significantly to pre-column
dispersion and introduced a time delay on the order of 5 s to the separation. To address these
problems we created so-called “packed void” capillary columns. First, the column blank was
packed with stationary phase to the desired length. Then the remainder of the capillary was
packed with non-interacting solid silica spheres. The silica spheres do not contribute to
retention; they act only to fill up the empty space in front of the column. Packing the void
reduces the pre-column volume by roughly 65% to 120 nL. Reduced pre-column volume
shortened the time delay, but more importantly the particles significantly reduce pre-column
dispersion seen in the absence of temperature- or solvent-based focusing.

To demonstrate the effectiveness of the TASF instrumentation for routine separations and
evaluate the speed of column temperature and pressure transients an overnight injection
sequence was performed consisting of eighty-five injections. Each run was 10 minutes;
cycle time was 11.5 minutes when accounting for the autosampler injection time. The whole
sequence lasted just over 16 hours. Fig. 2 shows overlays of focusing temperature and
column pressure. The colored overlays correspond to the first TASF separation performed in
the sequence. Black temperature and pressure traces represent traces from the last injection.
There are no visible changes in the pressure profile and a minimal deviation between the
first and last temperature profiles over the course of the sequence. TEC temperature reached
90% of the set value (58.5 °C) in 5.6 s; this corresponds to a temperature gradient of 625 °C/
min. Column pressure transients mirrored those for temperature with minimal time lag. This
is due to the low thermal mass and high thermal conductivity of fused silica capillaries [20].
We refer interested readers to section S2 for further discussion regarding TASF
instrumentation.

3.3 Effect of TASF on peak width

Figure S4 (see Supplementary Information) shows representative chromatograms with and
without TASF for small (30 nL) and large (750 nL) injections of parabens prepared in
mobile phase. Figure S5 shows measured peak width at half height for each solute as a
function of injection volume. Solute retention factor dictates how susceptible an analyte is to
volume overload. Here, we have chosen solutes and conditions to give a range of 3.0
(methylparaben) < k”< 17.5 (propylparaben; ethylparaben has a k”of 7.1) at T, = 70 °C. The
data show that for this range of practically useful isocratic retention factors, TASF alone can
be effective. At the 5 °C focusing temperature retention factors for each solute are greater:
11.7, 32.0 and 99.4, respectively. (Retention factors were calculated based on the van’t Hoff
studies detailed in Section 3.1. For further details see section S1 for the Supplementary
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Information.) Under these conditions, TASF is able to limit the increase in FWHM to 5% for
injection volumes up to nearly 100% of the column volume (450 nL) for methylparaben and
165% for ethylparaben and propylparaben. These data are similar to our published data [9]
confirming, as expected, that technical changes did not alter the essential function of the
TASF device.

3.4 Combination of solvent- and temperature-based on-column solute focusing

Fig. 3 shows results from the large-volume injections performed under isothermal and TASF
conditions with paraben samples prepared in 80:20 and 95:5 10 mM H3PO4/AN. These
experiments were conducted to demonstrate the effectiveness the combination of solvent-
and temperature-based on-column focusing can have to limit increases in peak FWHM for
sample volumes up to 450% of the column volume. Panels A, B, and C present results for
methylparaben, ethylparaben, and propylparaben, respectively. Error bars are the standard
error for each measured FWHM, with n = 3.

The benefits of solvent-based on-column focusing are clearly evident from each panel of
Fig. 3. Observed peak width is reduced for every injection volume from 100 nL to 2 uL for
each solute. For the 2 pL injections, representing a volume 450% of the column volume,
peak width values for methylparaben, ethylparaben and propylparaben were reduced from
about 40 s (injection width) when no solvent focusing was present to 5.5, 5.8, and 7.1 s,
respectively when injecting samples made in 95:5 phosphate/AN. TASF and solvent
focusing together reduced the influence of volume overload significantly. FWHM values for
the 2 pL injection with solvent- and temperature-based focusing together were reduced to
1.4,2.5,and 6.2 s.

Fig. 4 shows an overlay for 2 pL injections under the three conditions described above. The
black trace shows the result from injecting the paraben mixture made in mobile phase onto
an isothermal column. Clearly, this is unsatisfactory chromatography. The red trace shows
the same sample made in 95:5 phosphate/AN. As expected, chromatographic performance
improves when using solvent-based focusing. Improvement is due to increased solute
retention factors in the sample solvent at the head of the column. Note that injecting a nearly
aqueous 2 pL sample onto the column still does not induce enough on-column focusing to
generate a Gaussian peak for methylparaben. The ethylparaben peak is also significantly
broadened. In principle, a completely aqueous sample would focus more effectively, but not
all reversed phase materials perform well with an aqueous mobile phase. Atypical peak
shapes may result for large volume aqueous injections. The blue trace shows that TASF
augments the on-column focusing from solvent. Using a focusing temperature of -5 °C
resulted in peak height increases by factors of 3.4 and 2.2 for methylparaben and
ethylparaben relative to the solvent-focusing-only injection. Better and more sensitive
chromatography can result from using solvent- and temperature-based focusing together.

3.4 TASF increases sensitivity for samples made in strong elution solvent

The problem of peptide adsorption to containers and other surfaces during analysis is a
serious one [21]. Very frequently, a solution of a peptide prepared in an acidic organic/
aqueous mixture yields less adsorption than purely aqueous solvents [21-27]. While
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adsorption may occur within the LC instrument itself [23], here we are concerned with the
stability of the solution prior to injection. Maes et al. [23] found that an acidic water/AN
(87:13 v/v) solvent was best for a set of neuropeptides. Earlier, VVatansever et al. noted that
acidic AN/water solvents were best for a series of peptides but the optimal concentration of
acetonitrile, which was as high as 30%, depended on the peptide [24]. Amyloid peptides are
best handled in basic water/AN 80:20 [25,26], while calcitonin is stable in water/AN
(43:57). Thus, very often analytical determinations of peptides must be carried out with a
sample in a solvent with significant elution strength.

We have an interest in the peptide galanin and the products of its hydrolysis in the
extracellular space of hippocampal tissue cultures [28,29]. Our experimental protocol
involves the use of electroosmotic flow to perfuse an organotypic hippocampal slice culture
with a peptide at high (~300 pM) concentration and variable but low (10 — 25 nL/minute)
flow rate. Over a 5-minute sampling time, we collect 50 — 125 nL of the perfusion solution
containing peptide and hydrolysis products. This volume is diluted to 10 or 15 uL depending
on the application [28-30]. The final concentration of galanin in the injected samples is a
few micromolar. Zhou et al. [22] have found that galanin is most stable in an W/AN 80:20
solution. In this example the elution strength of the sample matrix is fixed at this
composition and stronger than the 85:15 0.1% TFA/AN mobile phase. In principle, the
sample could be diluted with water or an aqueous solution, however the point of using the
acetonitrile-based solvent is to avoid losses by adsorption. Thus, dilution with an aqueous
solution would be counterproductive.

TASF, on the other hand, should be capable of concentrating the injected peptide despite its
relatively high organic content. Fig. 5 shows the results for isothermal (black) and TASF
(blue) separations of a 500 nL injection of 100 nM galanin dissolved in 80:20 W/AN onto a
250 nL volume column. Sensitivity is important to our galanin application. Thus we have
selected a sample concentration to clearly demonstrate the potential for TASF-induced
improvements in preconcentration. The red dashed line in Fig. 6 indicates the detector’s
limit of quantitation calculated for an absorbance value required to be a factor of ten greater
than the standard deviation of the baseline noise. The isothermal column temperature was 65
°C and the focusing temperature was —10 °C. Clearly, TASF improves preconcentration and
detection limits for trace level peptide samples made in strong elution solvents.

4. Conclusions

This work demonstrates the utility of temperature-based on-column solute focusing to
improve peak shape in capillary LC. We can draw the following conclusions:

1. Dispersion and the increase in apparent void time induced by the pre-column void
necessary for effective implementation of TASF can be significantly reduced by
packing the void with solid non interacting silica spheres.

2. The TASF system is robust; it can be easily incorporated into a modern automated
instrument. It is capable of unattended operation for extend periods.
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3. The combination of TASF with solvent-based focusing is very effective. The two
focusing techniques are complementary, improving peak shape and analysis
sensitivity for large volume samples.

4. TASF has the potential to focus large-volume samples made in solvents with
elution strength greater than that of the mobile phase.

These results illustrate the potential of temperature to be used as an effective tool to enhance
overall separation performance. They clearly demonstrate that TASF can be used
independently or in conjunction with solvent-based on-column focusing to enhance analysis
sensitivity and separation efficiency in capillary liquid chromatography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of instrument used to implement the TASF approach. TEC and resistive heaters

are shown in gold and red. A loading pump and an autosampler introduced successive
samples into a loop connected to the injection valve. Packed void columns were laid on top
of the focusing segment and connected directly to the valve. The outlet of the column was
connected to the inlet of the detector flow cell using a Teflon sleeve. The insert shows a top-
down view of the injection valve and focusing segment of the column.
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Figure 2.
Focusing segment temperature profiles are shown in red ( ) and column pressure

traces in blue ( ) for the first TASF separation performed in the 85 injection sequence.
Black traces ( ) show temperature and pressure profiles for the last TASF separation
in the sequence. Column temperature was 65 °C, focusing temperature was 0 °C; the
focusing time was 35 s. For chromatographic conditions see Section 2.3.3.
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Figure 3.
Peak width vs. injection volume for solvent- and temperature-based focusing made under

isothermal and TASF conditions. Panels A, B, and C correspond to methylparaben through
propylparaben peaks, respectively. Black circles represent isothermal separations with
sample made in mobile phase. Red, isothermal with samples in 95:5 phosphate/acetonitrile.
TASF separations with samples made in 95:5 phosphate/acetonitrile are in blue. For
chromatographic conditions see Section 2.3.5.
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Figure 4.
Chromatograms from the solvent- and temperature-based comparison. The injection volume

was 2 L. The isothermal no focusing example ( ) was made in mobile phase. The
solvent-based focusing example ( ) was made in 95:5 10 mM H3POy/acetonitrile. The
TASF/solvent focusing sample was made in 95:5 (. ). For chromatographic conditions
see Section 2.3.5.
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Figure 5.
Chromatograms resulting from the application of TASF to increasing analysis sensitivity for

the peptide galanin. Galanin samples were made in 80:20 water/acetonitrile and 500 nL
samples were injected onto a 250 nL volume column operated with a mobile phase
composition of 85:15 0.1% TFA/acetonitrile. Isothermal ( ) column temperature was
65 °C. TASF ( ). The red dashed line represents the detectors limit of quantitation.
With a focusing temperature set to =10 °C peak height increased by a factor of 3 relative to
an isothermal analysis. For chromatographic conditions see Section 2.3.6.
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