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Abstract

Capillary HPLC (cLC) with gradient elution is the separation method of choice for the fields of 

proteomics and metabolomics. This is due to the complementary nature of cLC flow rates and 

electrospray or nanospray ionization mass spectrometry (ESI-MS). The small column diameters 

result in good mass sensitivity. Good concentration sensitivity is also possible by injection of 

relatively large volumes of solution and relying on solvent-based solute focusing. However, if the 

injection volume is too large or solutes are poorly retained during injection, volume overload 

occurs which leads to altered peak shapes, decreased sensitivity, and lower peak capacity. Solutes 

that elute early even with the use of a solvent gradient are especially vulnerable to this problem. In 

this paper, we describe a simple, automated instrumental method, temperature-assisted on-column 

solute focusing (TASF), that is capable of focusing large volume injections of small molecules and 

peptides under gradient conditions. By injecting a large sample volume while cooling a short 

segment of the column inlet at subambient temperatures, solutes are concentrated into narrow 

bands at the head of the column. Rapidly raising the temperature of this segment of the column 

leads to separations with less peak broadening in comparison to solvent focusing alone. For large 

volume injections of both mixtures of small molecules and a bovine serum albumin tryptic digest, 

TASF improved the peak shape and resolution in chromatograms. TASF showed the most dramatic 

improvements with shallow gradients, which is particularly useful for biological applications. 

Results demonstrate the ability of TASF with gradient elution to improve the sensitivity, 

resolution, and peak capacity of volume overloaded samples beyond gradient compression alone. 

Additionally, we have developed and validated a double extrapolation method for predicting 

retention factors at extremes of temperature and mobile phase composition. Using this method, the 
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effects of TASF can be predicted, allowing determination of the usefulness of this technique for a 

particular application.

Graphical Abstract

With the advent of electrospray ionization mass spectrometry (ESI-MS), capillary HPLC 

(cLC) has become a widely used separation method. Due to reduced volumetric flow rates 

and increased ionization efficiency, cLC couples particularly well with ESI-MS.1–4 This has 

led to cLC’s dominance in the fields of proteomics,5–10 metabolomics,3,7,11–16 and in vivo 
determination of neuropeptides.17–21 Combined with gradient elution, peak capacities 

exceeding 80022,23 have been achieved. In their work with ultrahigh-pressure cLC, Shen et 

al. were able to identify over 2000 peptides and 5000 metabolites using tandem MS for 

detection.23 High sensitivity with small volume samples is particularly important as interest 

in developing cLC for clinical use is growing,12,24–28 with some recent methods achieving 

full or partial FDA validation.4 Of course, the increased concentration sensitivity of cLC 

systems2,4,14,29–35 can be advantageously applied to any analysis based on small volume 

samples.

A disadvantage accompanying the use of small diameter columns is the potential for volume 

overload, the situation in which the injection volume is large enough to alter a solute’s peak 

shape.2,36–39 While a solvent gradient/reversed phase cLC system may not be highly 

susceptible to volume overload for the more hydrophobic solutes, the more polar solutes still 

can suffer from broadening due to volume overload.36,38 Of course, which solutes in a 

sample fall into the “more polar” class and suffer volume overload and which do not because 

they fall into the “more hydrophobic” class depends on the injection volume and the 

particular chromatographic conditions.36,38,40,41 Volume overload decreases the overall peak 

capacity and sensitivity of the method.36,38,39,42 Manipulating the gradient to avoid having 

solutes in the early eluting, “more polar”, class flies in the face of gradient 

optimization37,43–45 which attempts to use all of the peak capacity available in the specified 

separation time. What is needed is a general approach for focusing large-volume injections 

(>100% of the column volume) that allows an analytical method to take advantage of the full 

peak capacity of the gradient system and sensitivity of a capillary scale column.

Due to low thermal mass and thin silica walls, rapid heating and cooling of cLC columns is 

possible without increasing bandspreading from radial thermal gradients.46,47 Additionally, 

elevated temperature is effective in improving the efficiency of capillary columns.48 
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However, elevated temperatures also add to the challenge of managing large volume 

injections because increasing temperature typically decreases retention making volume 

overload more of a problem.

Since retention in LC is temperature dependent, transient temperature changes can be used 

to alter retention factors in chromatographically useful ways.49–53 Solute trapping using 

subambient temperatures has been explored. Holm et al. developed a capillary column oven 

in which the column was placed on a “cold zone” held at 0 °C during injection and then 

manually moved in space to a “hot zone” for the separation phase. Using this approach, the 

authors were able to minimize peak widths of large-volume injections of the antioxidant 

Irganox 1076 (clog P 13.9)54 in a neat acetonitrile mobile phase.55 Eghbali et al. used dry 

ice and boiling water to cool/heat circulating nitrogen gas, allowing focusing of the protein 

lysozyme at −20 °C near the end of the column.56 While each work demonstrated the 

effectiveness of temperature focusing, the former involved very hydrophobic solutes and the 

authors of the latter work doubted the usefulness of their approach for small molecules.56 

Additionally, neither approach was automated which limits throughput and threatens 

irreproducibility.

We have previously shown that temperature-assisted on-column solute focusing (TASF) is 

effective in improving volume-overloaded isocratic separations of hydroxybenzoate esters 

beyond that achieved with solvent focusing alone.57,58 With TASF, the head of the column is 

cooled to subambient temperatures during injection. This results in focusing of solutes into 

narrow bands at the head of the column. Subsequently raising the temperature increases 

solute velocity to achieve a separation in a reasonable time. However, previous TASF studies 

were done using small molecules, under isocratic conditions, and with a simple approach to 

controlling temperature. In this paper, we demonstrate that our fully automated TASF 

apparatus used with reversed-phase LC (RPLC) is a practical method for focusing large 

volume injections of both small molecules (values of log P (or clog P) range from 1.16 to 

4.75)59,60 and peptides and can also focus solute bands beyond gradient compression alone. 

In order to be able to simulate or predict the outcome of a TASF-enhanced separation, values 

of both very high and very low retention factors, k′, are needed. We developed and validated 

a double extrapolation procedure based on an equation by Neue and Kuss61 and the van’t 

Hoff relationship for obtaining such k′ values.

 EXPERIMENTAL SECTION

 Reagents and Solutions

Uracil, acetanilide, methyl and ethyl esters of p-hydroxybenzoic acid (parabens), 

acetophenone, propiophenone, butyrophenone, benzophenone, valerophenone, 

hexanophenone, heptanophenone, and octanophenone were from Sigma-Aldrich (St. Louis, 

MO). Stock solutions, 25 mM, were made in acetonitrile (Chromsolv, LC-MS grad, Fisher 

Scientific, Fair Lawn NJ). Samples were diluted to concentrations from 5 to 20 µM with 

deionized water. Sample concentrations were selected to maximize concentration while 

factoring in column loadability and solubility. Water was from a Millipore Milli-Q Synthesis 

A10 purification system (Billerica, MA). Peptide samples were from an LC-MS grade BSA 

tryptic digest from Fisher. The lyophilized sample was diluted, as per reagent instructions, to 
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1 pmol/µL in 95:5 0.1% formic acid/acetonitrile. Formic acid was from Sigma. The BSA 

sample was stored at −5 °C when not in use and used within 48 h of thawing/dilution.

 Instrumentation

A Thermo/Dionex UltiMate 3000 Nano LC (NCS-3500RS, Germering, Germany) system 

consisting of a nanoflow pump, a low-pressure loading pump, integrated column oven, and 

WPS-3000RS autosampler was used for this work. Autosampler temperature was set to 

35 °C for small molecule work (to increase sample solubility) and 5 °C for BSA samples. 

Detection was achieved by a Waters Acquity TUV detector (Millford, MA) fitted with a 10 

nL flow cell. Signal from the detector was interfaced with an external Thermo analog-to-

digital converter. Acquisition rate was 100 Hz. The system was controlled by Chromeleon 

software (version 6.8).

 TASF Hardware

Hardware for this system is similar to that used previously.58 Briefly, timed injections were 

made using an external 6-port Cheminert injection valve (C72x-669D, VICI Valco, Houston, 

TX) fitted with a 75 µm × 75 cm nanoViper capillary (Thermo) loop. Samples were loaded 

into the sample loop using the loading pump and autosampler of the NSC-3500 system. 

Focusing segment temperature was controlled by a 1.0 × 1.0 cm Peltier thermoelectric 

device (TEC, Custom Thermoelectric, 04801-rG30-34RB, Bishopville, MD). To improve 

heat transfer between the TEC and heat sink compared to our previous system, the TEC was 

silver soldered to a custom liquid cooled copper heat sink. Heat sink temperature was 

regulated using a HAAKE A80 temperature controlled cooler (Thermo, Paramus, NJ) 

pumping an ethylene glycol/water mixture at about 1 L/min. The TEC was powered by a 

MAXIM Integrated 1968 electronic TEC driver (Sunnyvale, CA). Temperature was 

monitored by a 36-gage type-T thermocouple from Omega Engineering (Stamford, CT) 

interfaced with a National Instruments 9211 4-channel thermocouple module (Austin, TX). 

TEC temperature was logged at 7 Hz and controlled using a simple feedback loop written in 

LabVIEW 2015 (NI). TEC control, remote start, and valve injection signals were made by a 

USB-6008 multifunction DAQ (NI). The downstream, isothermal segment of the column 

was heated resistively using a Kapton resistive heater (KH-106-10-P, Omega) and a Love 

Model 1500 proportional-integral-derivative (PID) controller (Dwyer Instruments, Michigan 

City, IN) as described previously.62

 TASF Control

Temperature transients must be fast to ensure efficient release of focused bands as well as 

precisely controlled to ensure reproducibility and minimize temperature over- and 

undershoot. To achieve this, a commercially available electronic TEC driver was used to run 

a high power, low thermal mass TEC with control software written in-house. A simple 

feedback loop-based routine was developed in LabVIEW to control the driver. At the 

beginning of the day, the software “learns” the relationship between temperature and control 

voltage. This is achieved by setting an arbitrary temperature in the software for which the 

driver establishes a voltage to maintain that temperature at the TEC (±0.05 °C). Temperature 

measurements and voltage adjustments are made at 7 Hz. The program stores the maximum 

and minimum voltages required to reach the separation and focusing temperatures, 
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respectively. In operation, a LabVIEW program initiates a temperature change at a 

programmed time. When the target temperature is raised, it applies a control voltage 

corresponding to a temperature that is a few degrees below the target. Then, a feedback loop 

takes over. On the basis of ΔT, the difference between the measured and target temperatures, 

the program increases the control voltage, in steps that can be defined by the user, to 

approach the target temperature. The steps become smaller as ΔT becomes smaller. When 

ΔT changes sign, so do the control voltage steps. For cooling, the process is analogous. By 

adjusting the voltage step size for a particular range of values of ΔT, the approach to the 

final voltage can be made more aggressive with a slight overshoot or gentler with no 

overshoot. While not a proportional-integral-derivative (PID) control algorithm, this 

program mimics a PID result and works equally well in the heating and cooling modes 

without the need for separate PID parameters in each operational mode.

 Chromatographic Conditions

Five µL of each sample was delivered from the autosampler to the valve by the loading 

pump, which served to fill the 1 µL sample loop. A 1 min delay between autosampler 

injection and valve injection was employed to ensure the injection plug was centered in the 

sample loop.

 Column Preparation

Columns were packed in-house following a previously developed method.57,58 Briefly, 100 

µm fused silica capillaries from Polymicro Technologies (Phoenix, AZ) were packed with 

Acquity CSH C18 1.7 µm particles (Waters). Column length, 14.2 cm, was controlled by 

defining the volume of slurry in the column packing bomb. Following packing with 

stationary phase, the remainder of the capillary blank was packed with 8 µm solid silica 

spheres (Thermo). Column length was trimmed to a final length of 16.7 cm. We refer to 

these dual-phase columns as “packed-void” columns. The column fluid volume, not 

including the packed-void segment, was estimated at 683 nL. A 5.0 cm × 100 µm, single-

phase column was used for solute retention studies.

 van’t Hoff Retention Studies

Temperature was controlled by the column oven of the Ultimate 3000 system. Extra-column 

time was determined to be 0.35 min by making 50 nL timed injections into the 25 µm ID 

detection capillary. Isocratic runs were performed for each solute under at least 4 different 

mobile phase compositions and 5 temperatures between 30 and 65 °C. See Table S-1 for 

exact conditions used for each solute. The minimum temperature of 30 °C was dictated by 

the column oven’s lack of cooling capabilities. The order of temperatures was randomized 

and at least 1 h of equilibration time was given between temperature changes to ensure 

temperature stability. Detection conditions were identical to those described above.

 TASF Conditions

For TASF experiments, the focusing temperature was −7.5 °C and the separation 

temperature was 65 °C. The temperature range was dictated by the maximum achievable by 

the TEC under experimental conditions. The lower temperature was the minimum practical 
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based on our pump’s maximum pressure and issues related to condensation at the TEC 

surface. The focusing temperature was held during the time of injection plus an additional 5 

s. The column was equilibrated at the initial conditions for 5 min prior to the start of each 

run. The TEC was held at the focusing temperature for 1 min prior to injection. Thus, the 

gradient time was coordinated to begin at the start of injection. After focusing, the 

temperature was raised quickly to the separation temperature and remained there for the 

remainder of the run. All runs were performed a minimum of three times.

 Chromatography

Timed injections of solutions of small organic molecules (20 µM acetanilide, 15 µM 

acetophenone, 5 µM hexano- to octanophenone, and 7 µM benzophenone) from the 1 µL 

loop served to introduce samples. The volume injection is deduced from the injection time 

and the flow rate, 1.00 µL/min. The initial gradient used consisted of 5–75% ACN over 12 

min (5.8% ACN/min). UV absorbance was measured at 254 nm. Additional runs performed 

to create variety of gradient steepness were: 14.2% ACN/min and 2.7% ACN/min. To 

determine the usefulness of TASF with different injection volumes, the small molecule 

mixture described previously was injected at volumes of 50, 150, 250, 500, and 1000 nL. To 

maintain detectable signals, solute concentrations were increased accordingly. For this study, 

the gradient conditions were 5–75% ACN over 12 min.

For peptide experiments, 2 µL of the BSA sample was injected using an overfilled-loop. 

Gradient conditions were 5–40% ACN over 15 min with a flow rate of 1.00 µL/min. The 

separation temperature was 65 °C, and the focusing temperature was −7.5 °C. The focusing 

temperature was held for 125 s. UV absorbance was measured at 214 nm. All 

chromatograms were analyzed using a simple peak finding, integration, and characterization 

program written in-house in MATLAB R2015a (MathWorks, Matick, MA).

 RESULTS AND DISCUSSION

 Theory

A brief review of the dominant contributions peak broadening when considering volume 

overload will explain conceptually how TASF works. Observed peak variance in time units, 

σt,obs, is dominated by independent broadening processes occurring before, during, and after 

separation on the column.63

(1)

Since postcolumn dispersion, σt,post, can be considered small with appropriate detection 

under both TASF and isothermal conditions, it is not considered further.

(2)
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In volume overload, the variance due to the injection volume dominates the precolumn 

contribution. Thus, the injection variance is dependent on both injection volume, Vinj, and 

column characteristics, including radius, rc, as seen in eq 3.

(3)

εTot represents the total porosity of the column. The retention factor during injection, k1, and 

keff, the effective retention factor at elution as defined by Snyder and Dolan,64 are 

temperature-dependent terms; uav is the average linear velocity, which converts length units 

to time units. According to eq 3, injection variance is largely dependent on the k1 term and, 

because this term is in the denominator, small values of k1 result in larger values of σinj. 

TASF acts by lowering the temperature at the head of the column, thus increasing k1 and 

decreasing broadening due to injection.42 This effect is most obvious for compounds that 

have relatively small retention factors at the column temperature.

Peak width in gradient elution is determined by way of eq 4, which is based on linear solvent 

strength theory (LSST).64

(4)

where t0 is the dead time of the column and G(p) is the gradient compression factor. This 

factor, which is dependent on gradient steepness, represents the compression of the solute 

band on the column. It arises because the velocity of the solute front is lower than that of the 

rear.64 TASF takes advantage of the temperature dependence of retention factors to minimize 

injection variance whereas gradients partially reverse the effects of column band spreading, 

reducing the column variance. Thus, the actions of TASF and gradients are independent of 

one another and can be used in conjunction to minimize observed peak broadening.50

 Determination of Retention Factors at Extremes of Temperature and ϕ

In order to predict the effect of TASF, k1 must be known accurately. As described above, 

TASF will employ temperatures of −7.5 and 65 °C. Determining k1 for the more 

hydrophobic solutes at the former temperature and the more hydrophilic solutes at the latter 

temperature is challenging. While others have predicted retention factors at subambient 

temperatures by extrapolation of linear van’t Hoff plots,56 to our knowledge, no prior studies 

have examined models for extrapolation of retention as a function of temperature and mobile 

phase composition. Thus, we sought a reliable method to extrapolate k1 data obtained under 

more reasonable conditions to our extreme conditions.

Extrapolation requires a mathematical model for retention. Three models were considered, 

namely, LSST64 (eq 5) and two equations from Neue and Kuss (eqs 6 and 7).61
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(5)

(6)

(7)

Eqs 5 and 6 are used at a given temperature, T (K), while eq 7 includes a temperature 

dependence. For each equation, k0 or k0(T) is the retention factor in pure water and S and 

S(T) describe the relationship between solute retention and ϕ. S(T) and k0(T) are constants 

in eqs 5 and 6 for a given temperature, T, but vary with temperature. S and k0 in eq 7 are 

constants.61 In eqs 6 and 7, a and a(T) account for curvature in the relationship between ln k 
and ϕ, and D reflects temperature effects.

As eqs 5 and 6 have temperature-dependent constants, a two-step extrapolation was carried 

out. Figure 1 shows the basic idea. We first determined k′ values for each solute at a 

minimum of five temperatures and four solvent compositions that led to a wide range of 

measurable values (~1 < k′ < 35). These data form the basis for extrapolation (Table S-1). As 

shown in Figure 1A, values of k′ for a single temperature and a range of values of ϕ were 

used in a curve fitting procedure to determine the temperature-dependent constants in eqs 5 

and 6. These values were used to extrapolate to the lowest solvent strength, ϕ = 0.05. Figure 

1A shows the fits of eq 6 for hexanophenone and the extrapolation for one temperature, the 

dashed line. This procedure was repeated for each temperature. The result is a set of 

(extrapolated) values for k′ as a function of temperature at ϕ = 0.05. The second step is to 

plot these extrapolated values vs 1/T to determine the retention enthalpy at the lowest 

solvent strength, ϕ = 0.05, and further to extrapolate this van’t Hoff plot to the focusing 

temperature, −7.5 °C (Figure 1B). For eq 5, ln k0 and S were determined at each temperature 

using linear regression. For eq 6, the Solver function of Excel was used to determine the 

constants at each temperature by minimizing the sum of squared residuals between 

experimental and calculated values at each ϕ. Eq 7 was used differently. Solver was used to 

determine the constants for a single solute (e.g., all of the points in Figure 1A), and k′ was 

calculated by extrapolation to T = −7.5 °C. and ϕ = 0.05. The analogous procedures were 

used for some solutes to get k′ for T = 65 °C and ϕ = 0.05.

The accuracy of each model was determined using two methods. First, for those solutes for 

which experimental data could be obtained at ϕ = 0.05, the processes described above were 

carried out without using the data at ϕ = 0.05. van’t Hoff plots based on experimental k′ 

values and the three sets of extrapolated values were compared (Figure S-6). The model with 

the closest slope to the experimental data was considered to be most accurate. This turns out 

to be eq 6.
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The second method was to compare the methylene group selectivity, αCH2, from 

extrapolated k′ values to a known value. While literature on methylene selectivity at these 

particular conditions is not readily available, ln (αCH2) in pure water has been reported on 

four C18 phases at slightly different tem- peratures near room temperature.65 On the basis of 

these data, at an average temperature of 26.8 ± 2.0 °C, ln (αCH2) is 1.39 ± 0.01.65 

Fortuitously, under our experimental conditions (ϕ = 0.05 and −7.5 °C), the solvent strength 

is similar to water at room temperature. This is because a decrease of 5 °C increases 

retention to about the same extent as a 1% increase in acetonitrile composition decreases 

retention.66 Thus, the solvent strength in a water mobile phase near room temperature would 

remain about the same if we decreased the temperature from 26.8 to −7.5 °C and made the 

mobile phase composition 6.9% ACN (ΔT/5). This is similar to our sample composition at 

the lower temperature (5.0% ACN). Thus, we determined slopes of a plot of calculated ln k 
versus the number of methylene groups at ϕ = 0.05 and −7.5 °C for the straight-chain 

phenones (Figure S-7). These slopes are αCH2. Its value was 1.33 when using eq 6 to 

calculate k′ values. Values from the other two equations were very different (Figure S-7). 

Both of our validation methods point to the accuracy of eq 6 so retention data extrapolated 

using eq 6 were used for subsequent calculations.

 Small Molecule Studies

The utility of TASF for small molecules is illustrated in Figure 2, in which a chromatogram 

from a large-volume injection of a mixture of small molecules is dramatically improved 

compared to the isothermal separation (Figure 2A). This improvement is especially evident 

in Figure 2B, which shows the first seven peaks in greater detail. Volume overload is 

visually evident from the greater peak width of the first six peaks without TASF. This is 

consistent with what is expected on the basis of eq 3. The remainder of the separation is 

virtually identical to the isothermal results as is evident in Figure 2A. Figure 3 quantitatively 

illustrates the effectiveness of TASF for each peak in the chromatogram shown in Figure 1. 

For example, TASF decreases the full width at half-maximum, fwhm, of the acetanilide peak 

by a factor of 4.5 despite a low k′ (k1,isothermal = 5.46, k1,TASF = 21.3) at the start of the 

gradient. Thus, TASF reduces volume overload, but there is no degradation of peak shape for 

well-retained solutes. Decreased peak width for early eluting solutes provides more usable 

chromatographic space and thus higher peak capacities. By integrating the area under 1/w 
between the first and the last solute retention times44 (Figure S-8C), the peak capacity under 

TASF conditions was found to be 85 as compared to 70 for isothermal conditions. By 

improving peak width and resolution in the first 7.5 min of the separation, considerably 

more room is made for the detection of other polar compounds that may not be otherwise 

resolved.

 Injection Volume Studies

It is clear that TASF improves chromatography with large-volume injections, but to 

determine the point at which TASF is no longer essential in gradient elution for a given 

injection volume, k1, and keff, a range of injection volumes and resulting half-widths were 

compared. Experimental results for first and third peaks of the mixture can be found in 

Figure 4A,B, respectively. Both acetanilide and acetophenone showed considerable 

improvement in peak width for a range of large volume injections. For acetophenone, 
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overloading effects were no longer apparent at injection volumes below 250 nL. At this 

point, the observed variance is dominated by column variance alone and minimal broadening 

due to injection is seen. However, with TASF, injection variance is almost completely 

eliminated, allowing observed widths of even 1000 nL injections to be at or less than peak 

widths of 50 nL injections (within 10%). A 10% loss of efficiency, as indicated by the red 

dashed line, is tolerable given the benefits of injecting large volumes. Using eqs 2 and 3, 

these results are modeled reasonably well (Figure 4C,D), illustrating the ability to predict the 

usefulness of TASF under particular conditions.

 Gradient Slope Studies

Gradient compression, G(p), narrows solute zones due to increasing solvent strength, 

resulting in decreased peak widths.36,64 The gradient compression effect is dependent on the 

slope of the gradient, b, which can be calculated using the LSST parameter, S, the difference 

between the initial and final mobile phase composition, Δϕ, and the duration of the gradient, 

tg.64

(8)

(9)

(10)

It is of interest to determine the effects of TASF with changing gradient slope. This was 

examined by varying the tg and final ϕ, resulting in gradient slopes of 0.2 (tg = 24 min, ϕf = 

0.7), 0.5 (tg = 12 min, ϕf = 0.75), and 1.1 (tg = 6 min, ϕf = 0.9). It is clear in Figure 5 that 

TASF focuses more polar solutes beyond gradient compression in each scenario. Further- 

more, this effect is greatest for the shallowest gradient slope, as seen in Figure 6. On the 

basis of eq 8, steep gradient slopes and small k1 values result in the highest solvent-based 

gradient compression.64 Therefore, TASF has the greatest impact when used with a shallow 

gradient, which is pertinent to the separation of complex mixtures since these mixtures are 

commonly analyzed using long, shallow gradients.67 This is consistent with peptide studies 

using end-of-the-column focusing, wherein solute trapping time was the highest for long 

gradients.56 While the greatest advantage of TASF is realized with the shallowest gradient, 

there is still considerable decrease in peak width for polar solutes with the steepest gradient. 

This demonstrates the ability of TASF to focus beyond what can be achieved with gradient 

compression alone due to the complementary nature of these focusing techniques.
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 Predictability

Rearrangement of eqs 2 and 3 models the influence of TASF with gradient elution, which 

can be used to predict experimental results and determine the critical values that characterize 

the usefulness of this technique.

(11)

(12)

Replacing the denominator of the first bracketed term with its physical definition of the 

column volume, Vcol, and substitution of the second bracketed term with the inverse of the 

column broadening term in length units, σcol,l, leads to eq 12. The square of the ratio of the 

column length, L, and the latter quantity is the number of theoretical plates, N. This leads to 

eq 13 where we indicate that N is an “observed” quantity, in this case including gradient 

compression.

(13)

γ represents a tolerance term, indicating the acceptable increase in peak width one is willing 

to tolerate in making large-volume injections. Although the definition of N in terms of a 

peak width in units of time in gradient elution differs from that in isocratic elution,64 in units 

of length on column, they are the same. Eq 13 can be used easily to estimate the potential 

effectiveness of TASF for a particular separation. Using eq 13, was determined that the 

minimum k1 required to achieve an observed variance equal to 1.1 times the column 

variance (γ = 1.1) with a 1000 nL injection is 170. This is consistent with the experimental 

results seen in Figure 2. For reference, the predicted k1 under TASF conditions for 

acetanilide is 21.3, acetophenone is 59.8, and propiophenone is 410. Those solutes with k1 < 

170 show dramatic improvement in peak width with TASF while the peaks with k1 > 170 

had widths that are relatively close under TASF and isothermal conditions.

Eq 13 can be rearranged to show the largest injection volume that can be used under given 

conditions, eq 14.

(14)

Here, it can be clearly seen that the effect of gradient compression as expressed in Nobs is to 

increase the allowable volume injected. Using eqs 4 and 14, the combined effects of gradient 
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elution and TASF can be reasonably estimated, allowing prediction of TASF utility for a 

particular solute prior to experimentation.

 Peptide Mixture Studies

In general, the effect of changing ϕ on retention is more dramatic for larger molecular 

weight solutes such as peptides, resulting in greater gradient compression.36 We have shown 

that TASF is able to focus large injections of small molecules beyond gradient compression 

alone, so it seems reasonable that biological samples could also benefit from this effect. 

Indeed, Eghbali et al. focused targeted proteins near the column outlet by lowering the 

temperature of the end of the column during select portions of a gradient elution run.56 

Figure 7A shows chromatograms of a BSA tryptic digest from injections of 2 µL, over 290% 

of the column volume. Focusing time was increased to 125 s to accommodate the additional 

injection time. With TASF, peak shapes for early eluting solutes are significantly improved 

as is resolution, particularly up to the 6 min mark. Most noticeable are the four additional 

peaks detected between 3.5 and 4.5 min. We can infer the effect of TASF by considering the 

total peak area over time, shown in Figure 7. From 6 min to the end of the chromatogram, 

the areas of the two chromatograms are virtually identical. This is consistent with TASF 

having little influence over solute behavior for those solutes that would have focused 

effectively without TASF. In the earliest part of the chromatogram following the injection 

transient, the areas of the two chromatograms have different trajectories. The isothermal 

trace increases rapidly near 3.5 min as poorly retained solutes elute. This shows that, while 

early eluting solutes are detected, they are not resolved. Conversely, with TASF, there is a 

slow, stepwise increase in area corresponding to the well-resolved peaks in the 4–6 min 

region. This highlights the ability of TASF to resolve early eluting solute peaks that were 

eluted unresolved without TASF.

The appearance of the additional unknown early eluting peaks and improvement in peak 

shape for multiple solutes highlights the benefit of placing the focusing segment at the 

column inlet. In this configuration, the approach is general, applicable to all solutes in the 

mixture with negative retention enthalpies not just beneficial for a few specific solutes in 

select regions of the chromatogram. This feature has obvious implications for the 

determination of multiple solutes in complex mixtures where elution times for target 

analytes may not accommodate multiple focusing, release and thermal re-equilibrations of 

the focusing segment.

In the example just described, the sample was prepared in 5% acetonitrile to facilitate 

dissolution of the peptides but this limits solvent focusing. Biological samples are often 

prepared in pure aqueous solvents, which improves solvent focusing but may exclude less 

soluble peptides from detection. TASF could therefore be useful when the sample must 

contain some organic solvent by providing additional focusing without sacrificing solubility.

 CONCLUSIONS

These results clearly illustrate the effectiveness of TASF for increasing sensitivity for 

volume-overloaded solutes beyond what can be achieved with solvent gradient elution alone. 

This is applicable not only for complex mixtures of small molecules but also for biological 
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samples. Additionally, this completely instrumental technique offers an automated method to 

improve sensitivity, peak capacity, and resolution over a range of injection volumes and 

gradient conditions. Furthermore, using our double extrapolation method for predicting 

retention factors at extremes of temperature and mobile phase composition, the effects of 

TASF on chromatograms can be modeled. This allows one to predict the utility of TASF for 

a particular application.

It should be noted that, in theory, TASF is capable of focusing even more polar compounds 

than those used here. Stationary and mobile phase conditions can be tailored to particular 

sample mixture. As long as the solutes of interest have negative enthalpies under those 

conditions, increased separation performance with TASF is a possibility. As this is often the 

case for stationary phases such as HILIC,68–71 mixed mode,72 and carbon phases,73–79 it is 

clear that the benefits of TASF can be widely applied to a range of applications beyond 

conventional reversed phase.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of k1 determination process for hexanophenone. (A) Experimental data obtained 

using the conditions described in the Experimental Section. A single extrapolation based 

on eq 6 is shown. (B) Data found as shown in (A) vs 1/T and extrapolated to −7.5 °C.
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Figure 2. 
Chromatograms of 1000 nL injections of a small molecule mixture under isothermal (black 

line) and TASF (blue line) conditions with a gradient of 5−75% ACN over 12 min. Panel A 

illustrates all the solutes of the mixture whereas Panel B shows the early eluting peaks in 

more detail. The solutes in order of elution are acetanilide, methylparaben, acetophenone, 

ethylparaben, propiophenone, butyrophenone, benzophenone, valerophenone, 

hexanophenone, heptanophenone, and octanophenone. Panels are representative of n = 3 

replicates.
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Figure 3. 
Relative fwhm (fwhm/fwhmTASF) for isothermal (black dots) and TASF (blue dots) 

separations based on the chromatograms depicted in Figure 2.
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Figure 4. 
Experimental and predicted peak widths under isothermal (black dots) and TASF (blue dots) 

conditions for injection volumes ranging from 50 to 1000 nL. Panels A and B are the 

experimental values for acetanilide and acetophenone, respectively, and Panels C and D are 

the calculated values for acetanilide and acetophenone, respectively, found using eqs 3 and 4 

and based on experimental conditions. The red dashed line indicates 10% greater peak width 

than that measured at the 50 nL injection volume. Calculations are based on n = 3 replicates 

at each condition.
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Figure 5. 
Chromatograms of a 1000 nL injection of the small molecule mixture under isothermal 

(black line) and TASF (blue line) conditions with varying gradient steepness. (A) 5–90% 

ACN over 6 min (14.2% ACN/min). (B) 5–75% ACN over 12 min (5.8% ACN/min). (C) 5–

70% over 24 min (2.7% ACN/min). Chromatograms are representative of n = 3 replicates.
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Figure 6. 
Comparison of relative peak widths (fwhmiso/fwhmTASF) at varying gradient steepness 

depicted in Figure 4. The green dots indicate the 14.2% ACN/min gradient, blue dots 

indicate the 5.8% ACN/min gradient, and red dots indicate the 2.7% ACN/min gradient. The 

black dashed line indicates fwhmTASF/fwhmTASF.
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Figure 7. 
Separation of a 2 µL injection of BSA tryptic digest under isothermal (black line) and TASF 

(blue line) conditions. Panel A has four traces. The bottom two are the chromatograms, and 

the top two are integrations of the chromatograms. The inset shows an enlargement of the 

peak area trace from the start of integration (2.5 min) to 6 min. Panel B is an enlargement of 

the first 6 min of the chromatogram, illustrating the increased sensitivity and resolution of 
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poorly retained solutes. A gradient of 5–40% ACN over 15 min was used for these 

experiments. Chromatograms are representative of n = 2 replicates.
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