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Insulin regulated aminopeptidase (IRAP, EC 3.4.11.3) is a promising drug target for 

treatment of cognitive impairment. This membrane-bound ectopeptidase is densely concentrated 

in areas of the brain associated with cognition and is known to hydrolyze neuropeptides involved 

in memory and learning in vitro. A hypothesis is that inhibition of IRAP may extend the lifetime 

of beneficial neuropeptides in the extracellular space, mitigating the effects of diseases such as 

Alzheimer’s. A challenge in testing this hypothesis is the lack of available methods for 

quantitatively measuring ectopeptidase activity in vivo.  

This work describes the development of analytical techniques to aid in the understanding 

of ectopeptidases and the fate of neuropeptides in the extracellular space. We have done this by 

enhancing the sensitivity and quantitative capabilities of detection methods including capillary 

liquid chromatography-tandem mass spectrometry for online collection of neuropeptides and by 

the development of a novel sampling technique called electroosmotic perfusion-microdialysis 

(EOP-MD). With EOP-MD, substrate peptides are perfused using electroosmotic flow and 

hydrolysis products along with unhydrolyzed substrate are collected at the microdialysis probe. 

The advantage of using this approach compared to conventional microdialysis is that the volume 

of substrate and the residence time in the tissue can be controlled using current. Additionally, 

spatial resolution is dependent on the distance between the EOP and MD probes, which is 

approximately 100 µm. We have demonstrated this approach by observing leucine enkephalin 

hydrolysis in the anesthetized rat brain in the presence and absence of the IRAP inhibitor HFI-419.  



 v 

Table of Contents 

1.0 Introduction ............................................................................................................................. 1 

1.1 Insulin Regulated Aminopeptidase (IRAP) .................................................................. 2 

1.2 In vivo Sampling Methods .............................................................................................. 4 

1.3 Neuropeptide Separation and Detection ...................................................................... 5 

1.4 Measuring Enzyme Activity In vivo .............................................................................. 6 

1.4.1 Imaging-based Techniques ................................................................................. 7 

1.4.2 Sampling-based Techniques ............................................................................... 9 

1.4.2.1 Electroosmotic Perfusion-based Sampling .......................................... 11 

2.0 Improving the Sensitivity, Resolution, and Peak Capacity of Gradient Elution in 

Capillary Liquid Chromatography with Large-Volume Injections by Using 

Temperature-Assisted On-column Solute Focusing ................................................................ 15 

2.1 Introduction .................................................................................................................. 16 

2.2 Experimental ................................................................................................................. 19 

2.2.1 Reagents and Solutions ..................................................................................... 19 

2.2.2 Instrumentation ................................................................................................. 19 

2.2.3 TASF Hardware ................................................................................................ 20 

2.2.4 TASF Control .................................................................................................... 21 

2.2.5 Chromatographic Conditions .......................................................................... 22 

2.2.6 Column Preparation ......................................................................................... 22 

2.2.7 van`t Hoff Retention Studies ............................................................................ 22 

2.2.8 TASF Conditions ............................................................................................... 23 



 vi 

2.2.9 Chromatography ............................................................................................... 23 

2.3 Results and Discussion ................................................................................................. 24 

2.3.1 Theory ................................................................................................................ 24 

2.3.2 Determination of Retention Factors at Extremes of Temperature and Mobile 

Phase Composition ..................................................................................................... 26 

2.3.3 Small Molecule Studies ..................................................................................... 31 

2.3.4 Injection Volume Studies .................................................................................. 33 

2.3.5 Gradient Slope Studies ..................................................................................... 34 

2.3.6 Predictability ..................................................................................................... 37 

2.3.7 Peptide Mixture Studies ................................................................................... 39 

2.4 Conclusions ................................................................................................................... 41 

2.5 Supporting Information for Gradient Elution Temperature-Assisted On-column 

Solute Focusing ................................................................................................................... 42 

2.5.1 Flow Rate Calibration ...................................................................................... 42 

2.5.2 Dwell Time Determination ............................................................................... 43 

2.5.3 TASF Hardware ................................................................................................ 45 

2.5.4 Determination of Retention Factors ................................................................ 47 

3.0 On-column Dimethylation with Capillary Liquid Chromatography-Tandem Mass 

Spectrometry for Online Determination of Neuropeptides in Rat Brain 

Microdialysate ............................................................................................................................. 52 

3.1 Introduction .................................................................................................................. 53 

3.2 Experimental ................................................................................................................. 55 

3.2.1 Peptide Standards ............................................................................................. 55 



 vii 

3.2.2 Labeling Reagents ............................................................................................. 56 

3.2.3 HPLC Setup and Conditions ............................................................................ 56 

3.2.4 Mass Spectrometry............................................................................................ 57 

3.2.5 On-Column Labeling Procedure ..................................................................... 59 

3.2.6 One-column Approach versus Two-column Approach ................................. 60 

3.2.7 Labeling Tests .................................................................................................... 61 

3.2.8 Microdialysis and Surgery ............................................................................... 61 

3.2.9 Microdialysis Probe Recovery ......................................................................... 62 

3.2.10 Data Analysis ................................................................................................... 63 

3.3 Results and Discussion ................................................................................................. 63 

3.3.1 On-column Dimethylation ................................................................................ 63 

3.3.2 Labeling Tests .................................................................................................... 64 

3.3.3 One-column Setup ............................................................................................. 66 

3.3.4 Two-column Setup ............................................................................................ 68 

3.3.5 In Vivo Microdialysis ........................................................................................ 70 

3.3.6 Use of yaGfl as a Quality Control Indicator ................................................... 73 

3.4 Conclusion ..................................................................................................................... 75 

3.5 Supporting Information for On-column Dimethylation of Neuropeptides in 

Microdialysate ..................................................................................................................... 76 

3.5.1 Mass Spectrometry............................................................................................ 76 

3.5.2 Microdialysis Probe Location .......................................................................... 77 

3.5.3 Labeling Tests .................................................................................................... 77 

3.5.4 In Vivo Microdialysis Data ............................................................................... 81 



 viii 

4.0 The Development of Electroosmotic Perfusion-Microdialysis for In vivo 

Measurement of Ectopeptidase Activity ................................................................................... 84 

4.1 Introduction .................................................................................................................. 85 

4.2 Results ............................................................................................................................ 89 

4.2.1 Development of the EOP-MD Probe ............................................................... 89 

4.2.2 In vitro Fluorescence Studies ............................................................................ 91 

4.2.3 Assessing Mass Transport with yaGfl ............................................................. 94 

4.2.4 Effect of Current In Vivo ................................................................................. 95 

4.2.5 LE Hydrolysis in the Presence and Absence of HFI-419 ............................... 97 

4.3 Discussion ...................................................................................................................... 98 

4.3.1 Using yaGfl as a Mass Transport Standard ................................................... 98 

4.3.2 Solute Collection Efficiency Depends on Current .......................................... 99 

4.3.3 Observing Changes in LE Hydrolysis in the Extracellular Space .............. 101 

4.3.4 Tissue Perturbation with EOP-MD ............................................................... 102 

4.4 Conclusion ................................................................................................................... 103 

4.5 Methods ....................................................................................................................... 103 

4.5.1 Direct Laser Writing ....................................................................................... 103 

4.5.2 EOP-MD Probe Assembly .............................................................................. 104 

4.5.3 Electroosmotic Perfusion ................................................................................ 106 

4.5.4 Hydrogels ......................................................................................................... 107 

4.5.5 Fluorescent Dyes.............................................................................................. 108 

4.5.6 Fluorescent Studies ......................................................................................... 109 

4.5.7 Offline Labeling ............................................................................................... 110 



 ix 

4.5.8 Online Labeling ............................................................................................... 111 

4.5.9 HPLC Instrumentation ................................................................................... 111 

4.5.10 Chromatography Columns ........................................................................... 112 

4.5.11 Mobile Phases ................................................................................................ 112 

4.5.12 Chromatography ........................................................................................... 113 

4.5.13 Mass Spectrometry........................................................................................ 113 

4.5.14 Animal Surgeries ........................................................................................... 114 

4.5.15 In Vivo Sampling ........................................................................................... 114 

4.5.16 Data Analysis ................................................................................................. 115 

4.6 Supporting Information for Electroosmotic Perfusion-Microdialysis .................. 116 

5.0 Concluding Remarks .......................................................................................................... 119 

Acknowledgements ................................................................................................................... 120 

Bibliography .............................................................................................................................. 121 



 x 

List of Tables 

Table 1 Mobile Phase Compositionsa ........................................................................................... 47 

Table 2 Calculated Retention Factors at φ=0.05b ......................................................................... 48 

Table 3 Slope and Intercept of the Calibration Curve Obtained using the Peak Area of the Light 

Peptide (Fig. 19A) and the Relative Peak Areaa (Fig. 19B) ......................................................... 69 

Table 4 Mean and Standard Deviationa of Light yaGfl Peak Areas (Fig. 3A) and Relative yaGfl 

Peak Areasb (Fig. 3B) ................................................................................................................... 69 

Table 5 Estimated Concentrationsa,b,c of LE and ME in Dialysate ............................................... 71 

Table 6 Descriptive Statisticsa for the Relative Areab of yaGfl .................................................... 75 

Table 7 Selected Ions for Fragmentation and Quantitation of Neuropeptides ............................. 76 

Table 8 Selected Ions for Fragmentation and Quantitation in Labeling Tests ............................. 76 

Table 9 Comparison of Basala Levels of ME with Potassium Stimulatedb Levels ...................... 83 

Table 10 Selected Ions for Fragmentation and Quantitation of Neuropeptides.......................... 116 

Table 11 Regression Statistics for Figure 35 .............................................................................. 117 



 xi 

 List of Figures 

Figure 1 Schematic of the double layer that forms due to interactions between surface charges at 

the capillary wall and mobile ions in the electrolyte solution, resulting in bulk fluid flow when an 

electric field is applied. ................................................................................................................. 11 

Figure 2 Illustration of k1 determination process for hexanophenone. Figure 2A consists of 

experimental data obtained using the conditions described in the Experimental section. A single 

extrapolation based on Eq. 9 is shown. Figure 2B plots data found as shown in Figure 2A vs. 1/T 

and extrapolated to – 7.5 oC. ......................................................................................................... 28 

Figure 3 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 minutes. 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. Figures are representative of n = 3 replicates. ............................................. 31 

Figure 4 Relative FWHM (FWHM/ FWHMTASF) for isothermal (black dots) and TASF (blue dots) 

separations based on the chromatograms depicted in Figure 3..................................................... 32 

Figure 5 Experimental and predicted peak widths under isothermal (black dots) and TASF (blue 

dots) conditions for injection volumes ranging from 50-1000 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 Equations 6 and 7 

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



 xii 

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

condition. ...................................................................................................................................... 34 

Figure 6 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 minutes (14.2% ACN/ min.). B: 5-75% ACN over 12 minutes (5.8% ACN/ min.). C: 5-70% over 

24 minutes (2.7% ACN/ min.). Chromatograms are representative of n = 3 replicates. .............. 36 

Figure 7 Comparison of relative peak widths (FWHMiso / FWHMTASF) at varying gradient 

steepness depicted in Figure 5. 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................................................................... 37 

Figure 8 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 

minutes of the chromatogram, illustrating the increased sensitivity and resolution of poorly 

retained solutes. A gradient of 5-40% ACN over 15 minutes was used for these experiments. 

Chromatograms are representative of n = 2 replicates.................................................................. 41 

Figure 9 Peak half-widths for varying injection volumes into an open tube for the flow rate 

validation. Each point represents n = 3 replicates......................................................................... 43 

Figure 10 Chromatogram of 10-90% 0.1% acetone/ H2O gradient over 10 minutes for the 

determination of the dwell volume. Chromatogram is representative of n = 3 replicates. ........... 44 



 xiii 

Figure 11 Panel A is the TEC temperature profile of the small molecule mixture separation (Fig. 

3). Panel B is the corresponding pressure trace under isothermal (black line) and TASF (red line) 

conditions. ..................................................................................................................................... 45 

Figure 12 Demonstration of the programmed control of the TEC. Panel A shows the TEC transition 

from focusing to separation. Panel B shows the temperature trace during the separation phase. 

Panel C shows cooling of the TEC from the separation to the focusing temperature. ................. 46 

Figure 13 The pressure trace of the separation of the BSA tryptic digest (Figure 8) under isothermal 

(black line) and TASF (red line) conditions. ................................................................................ 47 

Figure 14 Comparison of van’t Hoff plots using extrapolated retention factors (red dots) and 

experimental data (blue dots) for acetophenone at 30 °C and Φ = 0.05. The extrapolated retention 

factors were calculated using Equation 8 for Panel A, Equation 9 for Panel B, and Equation 10 for 

Panel C. ......................................................................................................................................... 49 

Figure 15 Determination of ln (αCH2) using extrapolated retention factors at -7.5°C and Φ = 0.05. 

The values in Panel A were calculated using Equation 8, Equation 9 was used for Panel B, and 

Equation 10 was used for Panel C. ............................................................................................... 50 

Figure 16 Comparison of peak height (Panel A), resolution (Panel B), and peak capacity (Panel C) 

of isothermal (black dots) and TASF (blue dots) separations of the small molecule mixture 

depicted in Figure 3. ..................................................................................................................... 51 

Figure 17 Schematic for two-column labeling setup. Valve 1 is housed on the autosampler, Valve 

2 is housed in the LC column oven, and Valve 3 is an external valve housed on the MS stage. 

Valve 2 is a 10-port valve but is depicted with 6-ports for clarity. White indicates a valve that is 

switching. Labeling is performed in the following way: (A) A 5-μL sample loop on Valve 2 is 

filled with microdialysate (MD) and upon switching, the sample is directed onto the pre-column 



 xiv 

(PC) by the loading pump (LP); (B) A series of five autosampler (AS) injections delivers reagents 

from vials (In sequential order: light labeling reagent, formic acid, 100 pM peptide aqueous 

standards, heavy labeling reagent, and formic acid) onto the PC, which react with peptides that 

have adsorbed onto the PC; and (C) Valve 3 switches, directing flow from the analytical pump 

(AP) through the PC, eluting peptides off the PC and onto the analytical column-mass spectrometer 

(LC-MS) by gradient elution. ....................................................................................................... 59 

Figure 18 Calibration curve for LE using the one-column setup. The relative area is defined as the 

area of the light peptide (in Ringer’s) divided by the area of the heavy peptide (100 pM LE in 

water). Error bars represent the SEM for n = 2 replicates. ........................................................... 66 

Figure 19 Quantitation of LE (blue), ME (black), and yaGfl (100 pM, red) (A) based on the peak 

area of the light labeled peptide and (B) based on the relative area, in which the peak area of the 

light peptide (in Ringer’s) is divided by the peak area of the heavy peptide (100 pM in water). 

Black squares with blue centers indicate overlapping data points. Error bars represent the SEM of 

n = 2 replicates. ............................................................................................................................. 68 

Figure 20 Profile of LE (blue) and ME (black) levels during sampling of a single rat. The first 

point (t=0 hours) was collected 15 minutes after probe implantation. Shaded areas represent points 

collected during 10-minute potassium stimulation. The relative area is defined as the peak area of 

the light peptide divided by the peak area of the heavy peptide. .................................................. 70 

Figure 21 Peptide detection during potassium stimulation.  A) Chromatograms and corresponding 

mass spectra at the point of elution of B) light LE, C) heavy LE, D) light ME, and E) heavy ME 

during 10-minute stimulation with 100 mM KCl Ringer’s. Light and heavy yaGfl spectra can be 

found in Figure 27 (SI). ................................................................................................................ 72 



 xv 

Figure 22 Localization of microdialysis probes in the rat brain. (A) Representative microdialysis 

probe track. (B) Schematic reconstructions of positions of the four microdialysis probes (adapted 

from Paxinos and Watson251). Coordinates were chosen to sample from the CA1 region. Note that 

probe 1 is in the dentate gyrus. Numbers in red correspond to the rat numbers in Table 5 of the 

text................................................................................................................................................. 77 

Figure 23 Labeling test results for 50 pM Ringer’s standards (left column) and 50 pM aqueous 

standards (right column) for A-B) LE, C-D) yaGfl, and E-F) ME. Peak identifications were made 

using prospector.ucsf.edu/prospector/cgi-bin/mssearch.cgi. ........................................................ 78 

Figure 24 Labeling test results for 100 pM Ringer’s standards (left column) and 100 pM aqueous 

standards (right column) for A-B) LE, C-D) yaGfl, and E-F) ME. .............................................. 79 

Figure 25 Labeling test results for 200 pM Ringer’s standards (left column) and 200 pM aqueous 

standards (right column) for A-B) LE, C-D) yaGfl, and E-F) ME. .............................................. 80 

Figure 26 Measured LE Levels for Each Rat. To determine the percent basal, all detectable basal 

light LE peak areas were divided by the corresponding heavy peak area to obtain the relative area. 

The basal relative areas for each individual rat were averaged. Each time point was divided by the 

mean basal relative area and expressed as a percentage. Gray shaded areas indicate points that were 

collected during potassium stimulation. The time axis of each rat has been adjusted so that the 

potassium stimulated points are aligned. ...................................................................................... 81 

Figure 27 Mass spectra at the point of elution for A) light yaGfl and B) heavy yaGfl during 10-

minute stimulation with 100 mM KCl Ringer’s. Corresponding chromatograms can be found in 

Figure 21. ...................................................................................................................................... 82 

Figure 28 Comparison of LE, ME, and yaGfl Potassium Stimulated Levels to Basal Levels. Percent 

basal levels were determined by dividing the relative area (light peak area/ heavy peak area) at 



 xvi 

each time point by the mean basal relative area for each rat, which was then expressed as a 

percentage. The shaded gray area indicates points that were collected during potassium 

stimulation. The time axes have been adjusted so that the potassium stimulated points are aligned. 

The asterisk indicates a statistically significant (p=0.03) increase in LE levels during potassium 

stimulation as determined using a one-tailed t-test (with 95% confidence). The error bars represent 

the SEM of n = 3 rats. ................................................................................................................... 83 

Figure 29 (a) Relative size of EOP-MD perfusion tip compared to a nickel. The tip is outlined in 

red. A 48x SEM image is shown in (b) and a 3x stereoscopic photo is shown in (c).  Temporary 

“wings” on the device allow the device to be manipulated during probe assembly. They are were 

removed prior to insertion in the animal. A remnant of one wing can be seen in Fig 29b. The wing-

free device, suitable for implanting, is seen in Fig 29c. The fully assembled EOP-MD probe is 

shown in (d). ................................................................................................................................. 89 

Figure 30 Schematic drawing of the general procedure of EOP-MD sampling. An electrode is 

placed in the reservoir surrounding the Nafion wall of the channel containing the perfusion 

solution. When a positive voltage is applied to the electrode, cations carry the current across the 

Nafion. This current generates electroosmotic flow through the capillaries and into the tissue. The 

current passes through the microdialysis membrane to a second Nafion wall in the microdialysis 

inlet capillary. Analytes, in this case LE plus hydrolysis products and the D-amino acid internal 

standard yaGfl, are collected at the MD probe. The outlet of the MD probe is connected to the LC-

MS, resulting in online collection and analysis. ........................................................................... 90 

Figure 31 Measuring fluorescence intensity in a hydrogel over time. (a) A 4x brightfield image of 

the perfusion tip and MD probe placement in the gel. TR3 was infused into the hydrogel using a 

current of 75 μA. The intensity of fluorescence was measured (b) prior to turning on current (0 



 xvii 

minutes) and after (c) 5 minutes and (d) 60 minutes of perfusion at 75 μA. The corresponding false 

color plots are shown in e-g. Figure h depicts the percent increase in fluorescence intensity for 

TR3 (•) and Ru(bpy)3
2+ (◼ ) at 75 μA and 0 μA ( ○ for TR3, ☐ for Ru(bpy)3

2+). The error bars 

represent the SEM of n = 3 replicates for Texas Red and n = 4 replicates for Ru(bpy)3
2+. .......... 92 

Figure 32 (a) Concentration of leu-enkephalin (LE, red diagonal lines) and yaGfl (purple diagonal 

lines) in dialysate during the electroosmotic perfusion of 10 µM LE and yaGfl into a hydrogel at 

15 µA and 30 µA using the EOP-MD device. The concentration of yaGfl in the dialysate in vivo 

(solid purple bar) is compared to that obtained in vitro (from Fig 32a) in (b). Fig 4c depicts the 

concentrations of GGFL (solid blue bar), LE (solid red bar), and yaGfl measured in the dialysate 

in in vivo experiments. ‘NS’ indicates that the values shown under the bar were not significantly 

different as determined by ANOVA (p > 0.05) with post hoc Tukey test. The single asterisk (*) 

and double asterisk (**) represent p < 0.05 and p < 0.01, respectively. The error bars indicate the 

SEM for n = 3 replicates for in vitro data and n = 4 replicates for in vivo data. .......................... 94 

Figure 33 Effect of current on collection efficiency in vivo for LE (• ) and yaGfl (• ). The collection 

efficiency was calculated by dividing the moles per minute perfused (measured by LC-MS2) 

divided by the moles per minute collected at the MD probe (based on laboratory concentrations). 

The error bars represent the SEM for n = 3 replicates. ................................................................. 97 

Figure 34 Effect of HFI-419 concentration on product formation. Statistical significance was 

determined using ANOVA followed by a Tukey test. The single asterisk (*) indicates p<0.05 and 

the double asterisk (**) indicates p<0.01. ‘NS’ indicates the differences were not significant 

(p>0.05). The error bars indicate the SEM of n = 9 replicates for 0 µM inhibitor (3 replicates from 

each rat) and n = 3 replicates for the 10, 25, and 50 µM inhibitor concentrations. ...................... 98 



 xviii 

Figure 35 Calibration curve obtained using a serial dilution of GGFL (black circles), LE (red 

squares), and yaGfl (blue triangles) in Modified Ringer’s. The relative area refers to the area of 

the light-labeled standard prepared in varying concentrations divided by that of the heavy-labeled 

standard (1 nM). Error bars represent the SEM of n = 3 replicates. ........................................... 117 

Figure 36 Localization of microdialysis probes in the rat brain. (A) Representative microdialysis 

probe track. (B) Schematic reconstructions of positions of the electroosmotic perfusion – 

microdialysis (EOP-MD) probe in the rat brain. One millimeter coronal slices demonstrate that 

microdialysis membranes are located in the PFC region. Arrow represents the probe location. The 

red color represents the active area of the probe. ........................................................................ 118 

Figure 37 EOP-MD probe assembly. Fig 37a depicts the probe following printing. It is temporarily 

affixed to a piece of tape using epoxy so that the 150 µm OD/ 75 µm ID capillaries could be 

inserted into each channel (Fig 37b). The MD probe is then inserted through the integrated 

microdialysis probe holder. Fig 37c depicts the assembled EOP-MD probe looking down from the 

MD probe and Fig 37d shows the space between the EOP tip and the MD probe. For more details 

see the Methods section. ............................................................................................................. 118 



 xix 

List of Equations 

 

Equation 1 ..................................................................................................................................... 11 

Equation 2 ..................................................................................................................................... 12 

Equation 3 ..................................................................................................................................... 12 

Equation 4 ..................................................................................................................................... 24 

Equation 5 ..................................................................................................................................... 25 

Equation 6 ..................................................................................................................................... 25 

Equation 7 ..................................................................................................................................... 26 

Equation 8 ..................................................................................................................................... 27 

Equation 9 ..................................................................................................................................... 27 

Equation 10 ................................................................................................................................... 27 

Equation 11 ................................................................................................................................... 35 

Equation 12 ................................................................................................................................... 35 

Equation 13 ................................................................................................................................... 35 

Equation 14 ................................................................................................................................... 37 

Equation 15 ................................................................................................................................... 37 

Equation 16 ................................................................................................................................... 38 

Equation 17 ................................................................................................................................... 39 

Equation 18 ................................................................................................................................... 43 

Equation 19 ................................................................................................................................... 44 

 



xx 

Preface 

This work is dedicated to Marcus and Iris. Marcus, this work could not have been done 

without your endless support, strength, and optimism. Thank you for always being by my side 

and encouraging me to pursue my goals. Iris, you are the light of my world and the inspiration 

for everything I do. You will do great things! 

The past five years have shown me how truly blessed I am. Over and over again God has 

shown me that I am not alone in my journey and it is only through the support of many 

remarkable people that this work has been accomplished. Foremost, my family, especially my 

mom and sisters for providing constant support and encouragement over the past five years as 

well as being there for Iris when I could not. I truly could not have done this without you. I must 

also thank my advisor, Dr. Stephen Weber, who welcomed me into his lab and taught me so 

much about science and life in general. Your support and mentorship have been invaluable to 

me. I would also like to thank my undergraduate advisor, Dr. Abul Hussam, for introducing me 

to analytical chemistry and encouraging me to go to graduate school. Thank you to Dr. Andrea 

Jacquins-Gerstl for being an amazing co-worker and friend. There aren’t words to describe how 

much I appreciate your support. Finally, I want to thank my co-workers in the Weber Lab for 

being alongside me throughout this work. I will always value your friendship.  



 1 

1.0 Introduction 

Ectopeptidases are important drug targets in the search for therapies to address central 

nervous system afflictions, including cognitive impairment and pain.1 These membrane-bound 

enzymes have active sites open to the extracellular space (ECS) and act as the primary regulation 

mechanism for neuropeptides, a diverse class of signaling molecules.2 Neuropeptides are released 

in small concentrations by volume transmission into the ECS, where they elicit effects through 

interactions with receptors.3-4 Unlike classical neurotransmitters, such as dopamine and serotonin, 

their effects are modulated by degradation by ectopeptidases rather than cellular reuptake.5 

Resulting hydrolysis products can also act in signaling with activities different from the parent 

peptide. Thus, release of a particular peptide can initiate a cascade of effects throughout the central 

nervous system.  

Central infusions of neuropeptides such as the enkephalins, galanin, oxytocin, and 

vasopressin have beneficial effects on cognition and learning, seizure activity, emotional disorders, 

and brain plasticity.6-10 Thus, it is possible that specific inhibitors to target certain ectopeptidases 

may extend the extracellular lifetime of these beneficial neuropeptides. The potential benefits of 

using the endogenous neuropeptide system to treat cognitive diseases include high drug specificity 

and fewer side effects.11  

Despite the benefits of exploiting this system to treat central nervous system diseases, 

difficulty in studying ectopeptidases and their substrates in vivo limits our understanding of the 

effects of inhibition, both desired and undesired. This is especially a problem for ectopeptidases 

such as insulin regulated aminopeptidase (IRAP, EC 3.4.11.3), an important drug target for 

cognitive enhancers but whose role in the brain and natural endogenous substrates are largely 
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unknown.12 There is an unmet need for quantitative in vivo methods for probing ectopeptidase 

activity and understanding the fate neuropeptide hydrolysis products in the ECS.13 Insight into 

these processes will help determine the biological roles of these important signaling molecules as 

well as potential effects of pharmacological manipulation. 

1.1 Insulin Regulated Aminopeptidase (IRAP) 

A number of ectopeptidases play a role in modulating the activity of neuropeptides in the 

ECS including dipeptidyl peptidase IV (EC 3.4.14.5), aminopeptidase N (EC 3.4.11.2), and neutral 

endopeptidase (EC 3.4.24.11). These ectopeptidases are relatively well-characterized in terms of 

binding site specificity and artificial substrates and inhibitors are readily available for probing 

enzymatic activity.2 The focus of this dissertation will be on developing methods for the study of 

IRAP, a recently discovered ectopeptidase that has shown promise as a drug target for the 

development of cognitive enhancers.12  

IRAP was first discovered in the mid-1990s when it was found to be co-localized with the 

GLUT4 transporter in adipocytes.14-15  It was hypothesized that the protein had a role in glucose 

shuttling and was also found to have aminopeptidase activity, suggesting a function in regulating 

peptide hormones.14-15 Shortly after, a third group identified IRAP in the placenta as placental 

leucine aminopeptidase/ oxytocinase, where it was thought to have a role in regulating oxytocin 

levels throughout pregnancy.16 The authors noted that IRAP was likely synthesized as a 

transmembrane protein but was detectable in a soluble form in placental plasma.16 IRAP was found 

to be widely distributed in tissues throughout the body including skeletal muscle, cardiac tissue, 

digestive organs, and the brain, further contributing to the mystery of the function of this 
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peptidase.16 In vitro studies showed that IRAP hydrolyzed several neuropeptides involved in 

cognitive and emotional processing, including the enkephalins17-18, dynorphin A 1-8,19 arginine-

vasopressin17, 20, oxytocin17, 21, somatostatin20. A role for IRAP in regulating these particular 

neuropeptides seems to be mirrored in histological studies showing that IRAP is highly 

concentrated in areas involved in cognition, including the hippocampus, prefrontal cortex, and the 

amygdala, though it is also widely distributed in other areas of the brain.22 

In 2001, IRAP was identified as the angiotensin IV (AT4, VYIHPF) receptor.23 AT4 was 

thought to be an inactive byproduct of the renin-angiotensin system but in the 1970-80s it was 

found that intracerebroventricular (icv) infusions of the AT4 precursor angiotensin II (AT2) 

stimulated the release of vasopressin24, and dopamine25-26. This led to the discovery that AT2 also 

enhances rodent performance in memory and learning27-38 tests, reverses some forms of cognitive 

impairment39-43, and protects against the effects of ischemia44-45. It was later concluded that the 

beneficial effects of AT2 are dependent upon its metabolism to AT4.33, 46-55 Discovery of a distinct 

AT4 receptor further suggested a bioactive role for AT4.56-57  When this receptor was later 

identified as IRAP, it was hypothesized that the cognitive effects of AT4 were due to binding and 

inhibition of IRAP, extending the lifetime of cognitive-enhancing peptides in the extracellular 

space. 23, 58-60 While there is still debate over the identity of IRAP as the AT4 receptor61, perfusion 

of specific inhibitors shows similar cognitive effects as those seen with AT4 and its ligands.62-67 

Thus, IRAP has become a target for the development of drugs to treat cognitive impairment, 

though the role of IRAP in the brain and relevant in vivo substrates are still unknown.66, 68-69  
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1.2 In vivo Sampling Methods 

Understanding the roles of ectopeptidases has been limited, in part, by challenges in 

studying endogenous neuropeptides. Low concentrations (pM) in the extracellular space require 

the use of careful sample handling and highly sensitive and specific detection methods.70 This 

makes it difficult to accurately measure not only basal levels but also changes in concentration due 

to binding or degradation processes.13  

One in vivo sampling technique that has been used to study neuropeptides in the ECS is 

push-pull perfusion (PPP).71-74 This method involves a probe consisting of two capillaries, one for 

perfusion and the other for collection. Artificial cerebrospinal fluid (aCSF) is infused through the 

perfusion probe while vacuum is applied at the collection end. This process must be carefully 

balanced so that fluid is replaced at the same rate that it is withdrawn.75 Extracellular contents are 

contained within the collection capillary, where they can be analyzed offline. The main advantage 

of PPP is that analytes can be collected at nearly 100% efficiency, meaning nearly all the fluid 

perfused into the ECS, along with analytes that have diffused into the fluid, is recovered in the 

collection capillary.76 This is especially important for low-abundance analytes, such as 

neuropeptides. An accompanying disadvantage is that there is no barrier preventing large analytes 

such as soluble enzymes and proteins from entering the collection probe, leading to possible 

degradation of collected analytes as well as technical issues, such as capillary clogging. Another 

downside is that low flow rates (nL/ min) must be used to minimize tissue damage.76-77 This results 

in impractical sample volumes.  

The most common sampling method for studying neuropeptides is microdialysis, in which 

a microbore probe consisting of inlet and outlet tubing connected by a molecular weight cutoff 

membrane is inserted into the ECS of a particular brain region.78-79 The probe is continuously 
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perfused with a physiological solution, such as aCSF, creating a concentration gradient that drives 

analytes across the membrane. Dialysate is collected at the probe outlet. This method allows 

continuous, online collection at practical (µL/ min.) flow rates. Online collection of neuropeptides 

is ideal, both to prevent degradation upon collection80 and to minimize adsorptive losses81 from 

these mass-limited samples due to sample handling and storage. Additionally, microdialysis can 

be coupled with a variety of separation and detection methods to suit the needs of the analyte of 

interest.  

1.3 Neuropeptide Separation and Detection 

Although a main advantage of using microdialysis is the ability to collect microliter sample 

volumes, an accompanying problem is analyte dilution. Capillary liquid chromatography (cLC) is 

particularly suited to this challenge due to small column diameters (≤150 μm), which decrease 

radial dilution and improve concentration sensitivity.82-83 A drawback is that small columns are 

also susceptible to volume overload, in which large injection volumes result in altered peak shapes 

and decreased sensitivity.83-87 Fortunately, capillary columns have limited thermal mass, which 

allows the use of fast and efficient temperature changes to focus large volume injections and 

mitigate the effects of volume overload.88-91  

Coupling cLC with tandem mass spectrometry (MS2) has emerged as the gold standard for 

in vivo neuropeptide detection.92 By using mass detection, substrates and hydrolysis products can 

be detected simultaneously and with high sensitivity.93 In addition, it is amenable to online 

neuropeptide analysis, though this approach has only been used sparingly.94-97 Though cLC-MS is 
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becoming an increasingly popular method for studying neuropeptides in microdialysate, 

quantitative detection at basal levels is still a challenge. 

1.4 Measuring Enzyme Activity In vivo 

Portions of this section are based on a review that was published in Annual Review of Analytical 

Chemistry98 

Direct in vivo measurements of endogenous neuropeptides using the aforementioned 

approaches could be invaluable in determining where a particular neuropeptide acts and the 

relative quantities at which it is present, but more information is required to understand the relative 

affinity of a peptide substrate for an ectopeptidase of interest as well as the kinetics of substrate 

hydrolysis. This information is critical in elucidating the relevant in vivo substrates of a particular 

ectopeptidase, such as IRAP. 

Methods for measuring enzyme activity ex vivo or in vivo tend to fall into the categories of 

either imaging-based techniques or sampling-based techniques. Imaging-based techniques such as 

fluorescence99-101, and magnetic resonance imaging102-103 often rely on detectable probes or labels 

to generate or dampen a signal when enzymatic activity occurs. This work has been particularly 

useful for qualitative clinical applications, such as identifying the location of a tumor. These 

techniques also have the advantage of being minimally invasive. Conversely, sampling-based 

techniques involve implantation of a physical probe into the tissue. Such approaches are frequently 

applied to biochemical or pharmacokinetic studies and offer the ability to locally affect the 

sampling environment by perfusion of drugs or other analytes.  
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1.4.1  Imaging-based Techniques 

Among the imaging-based techniques, fluorescence is common. Several fluorescent probes 

have been developed for imaging tumors in rodents based on the upregulated activity of certain 

enzymes, including cysteine and serine proteases104 and more specifically, cathepsin D105, 

asparaginyl endopeptidase106, and β-galactosidase.107 Design of these probes involves creative 

chemistry and strategies for enhancing signal-to-noise ratio, but in vivo applications are largely 

focused on the spatiotemporal aspects of cancer detection and monitoring rather than quantitative 

elucidation of the role of a particular peptidase. 

A historically important ex vivo approach for measuring enzymatic activity in the brain is 

in situ zymography (ISZ), which uses a “dye quenched,” or DQ-collagen to measure matrix 

metalloproteinase (MMP) activity in brain tissue slices. A fluorescent signal is generated upon 

hydrolysis of the derivatized collagen substrate, providing information about both the activity of 

the enzyme as well as location. This approach has been used in both frozen108 and fixed109-111 

tissues to study MMP roles in ischemia108, seizures110, and long-term potentiation112 in the brain. 

This concept has also been applied in vivo using Förster (or fluorescence) resonance energy 

transfer (FRET)113-based substrates, which consist of a fluorophore and a quencher separated by 

an amino acid linker sequence. The linker confers enzymatic specificity and fluorescence is 

detected upon hydrolysis. A method known as differential in vivo zymography utilizes this 

concept, with different fluorophores corresponding to different enzymes.114  This has allowed 

monitoring of MMP activity changes throughout zebrafish development. The limitation of 

zymography is that it is almost exclusively used to study MMPs.  

Magnetic resonance spectroscopy (MRS) has been used to study enzymatic activity of 

natural substrates by observing the magnetization transfer among functional groups on different 
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molecules containing the same active nucleus, such as 31P. This has allowed the in vivo 

measurement of creatinine kinase and ATP synthase activity in the liver and muscle as well as 

other phosphorylation events.115 1H MRS has been used to monitor the levels of 2-

hydroxyglutarate in brain tumors, a metabolite and possible biomarker for isocitrate 

dehydrogenase-mutated gliomas.116 Another MRS approach that has been used in the brain is the 

perfusion of 15N-labeled glutamate along with 15NH4Cl for a period of time allowing for [5-15N]-

glutamine synthesis followed by perfusion of 14NH4Cl.117 By monitoring the decline in [5-15N]-

glutamine its hydrolysis rate can be determined. This approach has been combined with 

microdialysis collection of extracellular glutamine to study glutamine export to the extracellular 

space.118 MRS-based techniques offer the ability to make quantitative rate measurements along 

with imaging capabilities. A weakness is that their detection limits (mM) are relatively high for 

neuropeptide studies. 

Mass spectrometry imaging (MSI) is a versatile and sensitive approach that allows 

identification of chemical species while maintaining spatial resolution. This is particularly 

important in elucidating the function of a peptide substrate or ectopeptidase in the brain. The major 

advantage of matrix-assisted laser desorption/ionization (MALDI)-based approaches is that 

natural substrates and hydrolysis products, both known and unknown, can be analyzed directly 

without further chemical modification.119 MALDI coupled with time of flight (TOF) analyzers has 

been combined with in situ histochemistry to map angiotensin degradation in mouse kidney 

slices120 and to study the effect of different aminopeptidase inhibitors on dynorphin B metabolism 

in the rat brain using frozen tissue slices.119 The Li group used MALDI-LTQ-Orbitrap XL to 

perform multiple data dependent acquisition steps in a spiral sequence at each raster step.121 This 

allowed the identification of one novel and 38 known endogenous neuropeptides in blue crab 
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(Callinectes sapidus) brain slices.121 The power of MSI lies in the ability to detect natural 

substrates and products with high sensitivity and specificity. The downside is that it is limited to 

ex vivo analyses.  

1.4.2  Sampling-based Techniques 

As previously stated, microdialysis is the most commonly used in vivo sampling technique 

and has been applied to the study of enzymatic activity in the ECS. Enzymatic studies using 

microdialysis usually involve introducing a substrate by retrodialysis. The substrate diffuses out 

of the probe, where it is hydrolyzed by ectopeptidases, and resulting products as well as 

unhydrolyzed substrate diffuse back to the probe. Alternatively, substrates can be centrally infused 

into the brain and products collected in a particular brain region using microdialysis. These 

approaches have been used to investigate Peptide E122, beta-endorphin123, dynorphin A124, 

angiotension II50, and substance P94 degradation in the rat striatum. Klintenberg and Andren 

extended this approach to find differences in dynorphin A metabolism in unilaterally 6-

hydroxydopamine lesioned rat striata.125  By lesioning one side of the brain and implanting probes 

bilaterally, the authors found lower levels of dynorphin A hydrolysis products in the lesioned side 

of the brain compared to the intact side, suggesting that dynorphin A metabolism is altered in 

Parkinson’s disease.125  

Though the majority of neuropeptide degradation studies are qualitative in nature, the 

Stenken group has attempted to develop models for quantifying enzyme activity using 

microdialysis.126-127 These studies have been performed in situ128-129 and in vivo130, though not in 

the brain. Substrates, in some cases isotope-labeled, are introduced to the tissue by retrodialysis.  

The concentration collected at the outlet of the probe is compared to that which was introduced at 
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the inlet. This relates to the extraction fraction (EF) of the probe and is a function of membrane 

properties, analyte mass transport through the probe and the medium, perfusion flow rate, and 

substrate uptake and degradative processes in the tissue.131 Changes in EF throughout an 

experiment were attributed to enzymatic activity.132 Though this metric was sensitive to changes 

in enzymatic activity in vitro and in situ, changes in microdialysis EF were not sensitive enough 

to detect changes in enzymatic activity in in vivo studies looking at glucose metabolism133 and 

MMP-1/9 activity134. The latter work suggested that this is because EF is more affected by analyte 

mass transport than enzymatic processes in vivo.131, 135-136  

The complex processes dictating analyte delivery to the tissue limit quantitation of 

enzymatic activity by microdialysis. Clearance mechanisms in the ECS change the concentration 

gradient external to the probe which changes the amount of substrate that is delivered to the 

tissue.131, 136-137 This requires long equilibration times to achieve steady-state.130 Treatments that 

block uptake or metabolic processes alter the concentration gradient, which could change the 

recovery of the probe.137 Thus, measurements made in the absence of inhibitor may not be directly 

related to those made with inhibitor treatment. Since enzymatic rates are concentration-dependent, 

many experiments are necessary to assess the effects of experimental factors such as probe 

geometry and flow rate and conclude that a change in EF is due to a biological process rather than 

some other form of mass transport.138 Even so, there is a narrow range of clearance rates that can 

be detected in this way. 131, 136 

Our group has developed a method for probing the extracellular space using electroosmotic 

perfusion, in which current is used to perfuse substrate peptides into the tissue, where they are 

hydrolyzed in the ECS by ectopeptidases.139-140 Hydrolysis products and unhydrolyzed substrate 
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are collected and analyzed to determine enzyme activity. Because the analyte residence time can 

be controlled by current, quantitative parameters of enzyme activity can be determined.  

1.4.2.1 Electroosmotic Perfusion-based Sampling 

Substrate peptide-containing solutions are perfused into the tissue via a fused silica 

capillary. Electroosmotic flow results from a current passing through the solution (Figure 1).141 

An uneven distribution of positive ions in the double layer move in the direction of the negative 

electrode, resulting in bulk fluid flow.141-142  

 

Figure 1 Schematic of the double layer that forms due to interactions between surface charges at the capillary 

wall and mobile ions in the electrolyte solution, resulting in bulk fluid flow when an electric field is applied.  

The electroosmotic flow rate (m3/s), Ueo, is dependent upon the applied current (A), i, as 

seen in Equation 1: 

Equation 1 

𝑈𝑈𝑒𝑒𝑒𝑒 =  −𝜀𝜀𝑤𝑤𝜁𝜁
𝜂𝜂

𝑖𝑖
𝜎𝜎𝑒𝑒𝑒𝑒

   

 

where εw is the permittivity of water (F/m), η is the dynamic viscosity (Pa s), ζ is the potential at 

an imaginary plane between the fixed charges on the surface of the capillary and the solution (V), 
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and σel is the conductivity of the electrolyte solution (S/m).143 An analogous expression based on 

a modified Darcy’s law can be used to describe the superficial electroosmotic velocity (ueo) in a 

porous medium in the absence of a pressure gradient (Equation 2): 

Equation 2 

𝑢𝑢𝑒𝑒𝑒𝑒 =  𝜀𝜀𝑤𝑤𝜁𝜁
𝜂𝜂

Δ𝑉𝑉
𝐿𝐿

  

 

where ∆V is the voltage-drop over a distance, L.144-146 Equation 2 demonstrates mathematically 

that the electroosmotic velocity can in fact be controlled using current.  

To compare EOP to pressure-driven methods such as push-pull perfusion, we can compare 

Equation 2 to Equation 3, the superficial velocity of a pressure-driven fluid, up, through a porous 

medium: 

Equation 3 

 𝑢𝑢𝑝𝑝 =  −Δ𝑃𝑃
𝐿𝐿
𝜅𝜅
𝜂𝜂
  

 

where ∆P is the pressure-drop over and κ is the hydraulic permeability of the medium, which is 

approximately 10-15 m2 in the gray matter147 of the brain. At constant current, electroosmotic flow 

is not dependent upon the permeability of the tissue148, which varies throughout the brain147. This 

means that electroosmotic flow is more uniform in a heterogenous medium whereas pressure-

driven flow will favor flow through tissue that has lower permeabilities, such as white matter.149 

This quality gives electroosmotic flow an advantage over pressure-driven flow for measuring 

ectopeptidase activity.  

Xu, et al. first reported the use of electroosmotic sampling in a study of leucine-enkephalin 

(LE, YGGFL) degradation in OHSCs.139 A tissue culture was placed on an insert membrane in 
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contact with a bath consisting of a solution of LE and an internal standard yaGfl, where lowercase 

letters denote a D-amino acid. The internal standard is resistant to hydrolysis and serves as a 

measure of the substrate concentration in the absence of hydrolysis. A 150 µm ID x 30 cm long 

capillary was placed on the surface of the tissue in the CA3 region of the hippocampus, with its 

distal end in contact with an electrolyte solution in which a platinum electrode was immersed. A 

second platinum electrode was placed in the tissue bath to complete the circuit. When an electric 

field was applied, electroosmotic flow drove peptides from the bath, through the tissue, and into 

the collection capillary. The contents of the collection capillary were then ejected into a vial and 

analyzed using HPLC-EC. By measuring hydrolysis in the presence of multiple inhibitors, it was 

determined that a bestatin-sensitive aminopeptidase is primarily responsible for LE degradation to 

GGFL in the ECS of the hippocampal CA3 region. It was also reported that the Michaelis Menten 

constant, Km, for LE conversion to GGFL was 1.2 ± 0.5 mM, which was consistent with other 

literature reports. This work was the first to determine Michaelis Menten parameters based on live 

tissue measurements. Wu, et al. later used a similar approach to quantify coenzyme A degradation 

in the ECS of OHSCs using with online capillary electrophoresis – laser induced fluorescence.150   

In single-probe electroosmotic perfusion studies the spatial resolution is largely dictated 

by the inner diameter of the collection capillary. The perfusion volume of the peptide is also not 

easily controlled. For these reasons, Rupert, et al. developed a two-probe electroosmotic push-pull 

perfusion (EOPPP) technique.140 With EOPPP, peptide substrates were perfused using a pulled-

tip source capillary (“push”) and hydrolysis products and unhydrolyzed substrate were collected 

using the collection capillary (“pull”). The advantage of this technique is that the spatial resolution 

is dependent upon the distance between the two probes (40-100 µm). This allowed comparison of 

galanin hydrolysis between two regions within the hippocampus, the CA1 and the CA3.140 This 
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method also provided quantitative evidence that LE degradation is higher in the CA1 region 

compared to the CA3, which may contribute to higher instances of cell death in the CA1 during 

oxygen-glucose deprivation (OGD), an ex vivo model for ischemia.148, 151 It was also shown that 

administration of bestatin following OGD statistically reduced cell death in the CA1. This work 

demonstrates the importance of performing quantitative measurements of ectopeptidase activity in 

a spatially-resolved manner in order to understand the mechanisms of peptide modulation.   

The ex vivo work described here represents a major technological stride in studying 

ectopeptidases in brain tissue. The next logical step for improving the versatility of this technique 

is to adapt it for in vivo use. This dissertation describes the steps we have taken to develop a method 

for in vivo ectopeptidase activity measurements in the anesthetized rat. Our approach was to first 

develop novel focusing techniques for enhancing sensitivity of peptide detection with cLC152, then 

to apply proteomics-based strategies for peptide quantitation to the online detection of endogenous 

neuropeptides97, and finally to design and fabricate a device capable of performing electroosmotic 

perfusion in vivo. Though this method can be used to study virtually any ectopeptidase in the ECS, 

our emphasis is on its application to the study of IRAP activity and potential substrates.  
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2.0 Improving the Sensitivity, Resolution, and Peak Capacity of Gradient Elution in 

Capillary Liquid Chromatography with Large-Volume Injections by Using Temperature-

Assisted On-column Solute Focusing 

Reprinted with permission from Analytical Chemistry 2016, 88, 5112-5121. Copyright (2016) 

American Chemical Society. 

 

 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 sub-ambient 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. 
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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 effects of TASF can be predicted, allowing determination of the usefulness 

of this technique for a particular application.  

2.1 Introduction 

 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.82, 153-155 This has led 

to cLC’s dominance in the fields of proteomics156-161, metabolomics,155, 158, 162-167 and in vivo 

determination of neuropeptides.168-172 Combined with gradient elution, peak capacities exceeding 

800173-174 have been achieved. In their work with ultra-high-pressure cLC, Shen et al. were able to 

identify over 2000 peptides and 5000 metabolites using tandem MS for detection.174 High 

sensitivity with small volume samples is particularly important as interest in developing cLC for 

clinical use is growing,163, 175-179 with some recent methods achieving full or partial FDA 

validation.82 Of course, the increased concentration sensitivity of cLC systems82, 154, 165, 180-186 can 

be advantageously applied to any analysis based on small volume samples.  
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 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.154, 187-190 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.187, 189 Of course, which solutes in a sample fall 

into the “more polar” class and suffer volume overload and which fall into the “more hydrophobic” 

class and do not depends on the injection volume and the particular chromatographic conditions.89, 

187, 189, 191 Volume overload decreases the overall peak capacity and sensitivity of the method.187, 

189-190, 192 Manipulating the gradient to avoid having solutes in the early eluting, “more polar” class 

flies in the face of gradient optimization188, 193-195 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.196-197 Additionally, 

elevated temperature is effective in improving the efficiency of capillary columns.198 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.199-203 Solute trapping using sub-ambient 

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 then manually moved in space 
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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)204 in a neat 

acetonitrile mobile phase.205 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.206 

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.206 Additionally, neither approach was automated which limits throughput and 

threatens irreproducibility.  

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

in improving volume-overloaded isocratic separations of hydroxybenzoate esters beyond that 

achieved with solvent focusing alone.207-208 With TASF the head of the column is cooled to sub-

ambient 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 

and 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)209-210 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 

Kuss211 and the van ‘t Hoff relationship for obtaining such k’ values. 
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2.2 Experimental 

2.2.1  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 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 hours of thawing/dilution. 

2.2.2  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 



 20 

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).  

2.2.3  TASF Hardware 

 Hardware for this system is similar to that used previously.208 Briefly, timed injections 

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

TX) fitted with a 75 µm x 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 x 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.212  
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2.2.4  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 a 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, 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. Based 

upon ∆T, 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 ∆T becomes smaller. When ∆T changes sign, so does the control voltage 

steps. For cooling, the process is analogous. By adjusting the voltage step size for a particular 

range of values of ∆T, 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.   
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2.2.5  Chromatographic Conditions 

 5 μL of each sample were delivered from the autosampler to the valve by the loading pump, 

which served to fill the 1 μL sample loop. A one-minute delay between autosampler injection and 

valve injection was employed to ensure the injection plug was centered in the sample loop. 

2.2.6  Column Preparation  

 Columns were packed in-house following a previously developed method.207-208 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 x 100 μm, single-phase column was used for solute retention studies.  

2.2.7  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 minutes 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 1 (SI) for exact 

conditions used for each solute. The minimum temperature of 30 °C was dictated by the column 
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oven’s lack of cooling capabilities. The order of temperatures was randomized and at least one 

hour of equilibration time was given between temperature changes to ensure temperature stability. 

Detection conditions were identical to those described above. 

2.2.8  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 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 seconds. The column was 

equilibrated at the initial conditions for 5 minutes prior to the start of each run. The TEC was held 

at the focusing temperature for 1 minute 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. 

2.2.9  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 of 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 minutes (5.8% 

ACN/min). UV absorbance was measured at 254 nm. Additional runs performed to create a variety 
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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 to 75% 

ACN over 12 minutes. 

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

Gradient conditions were 5-40% ACN over 15 minutes 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 seconds. 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).  

2.3 Results and Discussion 

2.3.1  Theory 

 A brief review of the dominant contributions to 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.213  

Equation 4  

σt, obs
2 = σt, pre

2  + σt,  col
2  + σt, post

2   
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Since post-column dispersion, σt,post, can be considered small with appropriate detection under both 

TASF and isothermal conditions it is not considered further.  

Equation 5 

σt, obs
2  ≈  σt, pre 

2 + σt,  col
2    

 

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 Equation 6.  

Equation 6 

σt, pre
2 ≈ σ

𝑡𝑡,   𝑖𝑖𝑖𝑖𝑖𝑖
2  = � Vinj

√12π rc
2 εTot (1 + k1)

�
2
�1 + keff

uav
�
2
  

 

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,214 are temperature-

dependent terms; 𝑢𝑢𝑎𝑎𝑎𝑎 is the average linear velocity, which converts length units to time units.  

According to Equation 6, 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.192 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 Equation 7, which is based on linear 

solvent strength theory (LSST).214 
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Equation 7 

σt, col
2  = 𝑡𝑡0

√𝑁𝑁
 G(p) (1 + keff)  

 

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.214 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.200  

2.3.2  Determination of Retention Factors at Extremes of Temperature and Mobile Phase 

Composition  

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

TASF will employ temperatures of -7.5 oC and 65 oC. 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 sub-ambient temperatures by 

extrapolation of linear van’t Hoff plots206, 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, LSST214 (Eq. 8) and two equations from Neue and Kuss (Eq. 9, 10).211 
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Equation 8 

ln k = ln k0(𝑇𝑇) – S(𝑇𝑇)ϕ  

  

Equation 9 

ln k = ln k0(𝑇𝑇) + 2 ln(1 + a(T) ϕ) - S(𝑇𝑇) ϕ
1 + a(T) ϕ

  

 

Equation 10 

ln k = ln k0 + 𝐷𝐷
𝑇𝑇

 + 2 ln(1 + a ϕ) - (1 + 𝐷𝐷
𝑇𝑇

) S
1 + a ϕ

  

 

Eqs. 8 and 9 are used at a given temperature, T (K), while Eq. 10 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 𝜙𝜙. S(T) and k0(T) are constants in Eqs. 8 and 

9 for a given temperature, T, but vary with temperature. S and k0 in Eq. 7 are constants.211 In 

Equations 9 and 10, a and a(T) account for curvature in the relationship between ln k and 𝜙𝜙, D 

reflects temperature effects.   
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Figure 2 Illustration of k1 determination process for hexanophenone. Figure 2A consists of experimental data 

obtained using the conditions described in the Experimental section. A single extrapolation based on Eq. 9 is 

shown. Figure 2B plots data found as shown in Figure 2A vs. 1/T and extrapolated to – 7.5 oC. 

 

As Eqs. 8 and 9 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 measureable values (~1 < 

k’ < 35). These data form the basis for extrapolation [Table 1 (SI)]. As shown in Figure 2A, values 

of k’ for a single temperature and a range of values of 𝜙𝜙 were used in a curve fitting procedure to 

determine the temperature-dependent constants in Eqs. 8 and 9. These values were used to 
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extrapolate to the lowest solvent strength, 𝜙𝜙 = 0.05. Figure 2A shows the fits of Eq. 9 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 𝜙𝜙 = 0.05. The second step is to plot these extrapolated values vs 1/T to determine 

the retention enthalpy at the lowest solvent strength, 𝜙𝜙 = 0.05, and further to extrapolate this van 

‘t Hoff plot to the focusing temperature, -7.5 oC (Figure 2B). For Equation 8, ln k0 and S were 

determined at each temperature using linear regression. For Equation 9, 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 𝜙𝜙. Equation 10 was used differently. 

Solver was used to determine the constants for a single solute (e.g., all of the the points in Figure 

1A) and k’ was calculated by extrapolation to T = -7.5 °C. and 𝜙𝜙 = 0.05. The analogous procedures 

were used for some solutes to get k’ for T = 65 °C. and 𝜙𝜙 = 0.05. 

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

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

out without using the data at 𝜙𝜙 = 0.05. van ‘t Hoff plots based on experimental k’ values and the 

three sets of extrapolated values were compared [Figure 14 (SI)]. The model with the closest slope 

to the experimental data was considered to be most accurate. This turns out to be Eq. 9.  

 The second method was to compare the methylene group selectivity, 𝛼𝛼𝐶𝐶𝐶𝐶2, from 

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

particular conditions is not readily available, ln (𝛼𝛼𝐶𝐶𝐶𝐶2) in pure water has been reported on four 

C18 phases at slightly different temperatures near room temperature.215 Based on these data, at an 

average temperature of 26.8 ± 2.0 °C ln (𝛼𝛼𝐶𝐶𝐶𝐶2) is 1.39 ± 0.01.215 Fortuitously, under our 

experimental conditions (𝜙𝜙 = 0.05 and -7.5 °C), the solvent strength is similar to water at room 
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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.216 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 °C 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 𝜙𝜙 = 0.05 and -7.5 °C for the 

straight-chain phenones [Figure 15 (SI)]. These slopes are 𝛼𝛼𝐶𝐶𝐶𝐶2 . Its value was 1.33 when using Eq. 

9 to calculate k’ values. Values from the other two equations were very different [Figure 15 A, C 

(SI)]. Both of our validation methods point to the accuracy of Eq. 9 so retention data extrapolated 

using Eq. 9 were used for subsequent calculations. 
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2.3.3  Small Molecule Studies 

 

Figure 3 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 minutes. 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. Figures are representative of n = 3 

replicates.   

 

 The utility of TASF for small molecules is illustrated in Figure 3, in which a chromatogram 

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

to the isothermal separation (Figure 3A). This improvement is especially evident in Figure 3B, 

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 

based on Equation 6. The remainder of the separation is virtually identical to the isothermal results 
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as evident in Figure 3A. Figure 4 quantitatively illustrates the effectiveness of TASF for each peak 

in the chromatogram shown in Figure 2. 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 useable chromatographic space and thus higher peak capacities. By integrating the 

area under 1/w between the first and the last solute retention times194 [Figure 16C (SI)], 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 minutes of the separation, considerably 

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

 

 

Figure 4 Relative FWHM (FWHM/ FWHMTASF) for isothermal (black dots) and TASF (blue dots) separations 

based on the chromatograms depicted in Figure 3. 
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2.3.4  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 Figures 5A and 5B, 

respectively. Both acetanilide and acetophenone showed considerable improvement in peak width 

for a range of large volume injections. For acetophenone 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 Equations 5 and 6, these results are modeled reasonably well (Figures 5C, D), 

illustrating the ability to predict the usefulness of TASF under particular conditions. 
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Figure 5 Experimental and predicted peak widths under isothermal (black dots) and TASF (blue dots) 

conditions for injection volumes ranging from 50-1000 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 Equations 6 and 7 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. 

2.3.5  Gradient Slope Studies 

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

resulting in decreased peak widths.187, 214 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, Δ𝜙𝜙, and the duration of the gradient, tg.214  
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Equation 11 

G(p) = 
� 1+ p + p2

3 �   
0.5

1 + p
 

 

Equation 12 

p = k1 b
(1 + k1)

  

 

Equation 13 

b =  S Δϕ t0
tg

  

 

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

by varying the tg and final 𝜙𝜙, 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 6 that TASF focuses more 

polar solutes beyond gradient compression in each scenario. Furthermore, this effect is greatest for 

the shallowest gradient slope, as seen in Figure 7. Based on Equation 9, steep gradient slopes and 

small k1 values result in highest solvent-based gradient compression.214 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.217 This is 

consistent with peptide studies using end-of-the-column focusing, wherein solute trapping time 

was highest for long gradients.206 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 complimentary nature of these focusing techniques.   
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Figure 6 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 minutes (14.2% ACN/ 

min.). B: 5-75% ACN over 12 minutes (5.8% ACN/ min.). C: 5-70% over 24 minutes (2.7% ACN/ min.). 

Chromatograms are representative of n = 3 replicates. 
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Figure 7 Comparison of relative peak widths (FWHMiso / FWHMTASF) at varying gradient steepness depicted 

in Figure 5. 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. 

2.3.6  Predictability 

 Rearrangement of Equations 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.  

Equation 14 

k1 = 1
�γ2 - 1

 � Vinj

√12 π r c2εTot
� � (1 + ke)

uav σcol,t
�  - 1  

 

Equation 15 

k1 = 1
�γ2 - 1

 � Vinj

Vcol σcol,l
�  - 1  
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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, 𝜎𝜎col,l, leads to Eq. 15. The square of the ratio of the column length, 

L, and the latter quantity is the number of theoretical plates, N. This leads to Equation 16 where 

we indicate that N is an “observed” quantity, in this case including gradient compression.  

Equation 16 

k1 = 1
�γ2 - 1

Vinj Nobs
1 2⁄

Vcol √12
 - 1  

 

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,214 in units of length on 

column, they are the same. Equation 16 can be used easily to estimate the potential effectiveness 

of TASF for a particular separation. Using Equation 16 it was determined that the minimum k1 

required to achieve an observed variance equal to 1.1 times the column variance (𝛾𝛾 = 1.1) with a 

1000 nL injection is 170. This is consistent with the experimental results seen in Figure 3. 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. 16 can be rearranged to show the largest injection volume that can be used under given 

conditions, Eq. 17. 
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Equation 17 

Vinj

Vcol 
 = 

(k1+1)�12�γ2 - 1�

�Nobs
          

 

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

the allowable volume injected. Using Equations 7 and 17, the combined effects of gradient elution 

and TASF can be reasonably estimated, allowing prediction of TASF utility for a particular solute 

prior to experimentation. 

2.3.7  Peptide Mixture Studies 

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

weight solutes such as peptides, resulting in greater gradient compression.187  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 at the end of the column by lowering the temperature of the end of 

the column during select portions of a gradient elution run.206 Figure 8A shows chromatograms of 

a BSA tryptic digest from injections of over 290% of the column volume, 2 μL. 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-minute mark. 

Most noticeable are the four additional peaks detected between 3.5 and 4.5 minutes. 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 
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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 minute region. This highlights 

the ability to resolve early eluting solute peaks using TASF that were otherwise.   

 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.  
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Figure 8 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 minutes of the chromatogram, 

illustrating the increased sensitivity and resolution of poorly retained solutes. A gradient of 5-40% ACN over 

15 minutes was used for these experiments. Chromatograms are representative of n = 2 replicates. 

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

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, can be modeled successfully using simple 

equations, allowing prediction of 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 a 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,218-221 mixed mode,222 and carbon phases,223-229 it is clear that the benefits 

of TASF can be widely applied to a range of applications beyond conventional reversed phase. 

2.5 Supporting Information for Gradient Elution Temperature-Assisted On-column Solute 

Focusing  

2.5.1  Flow Rate Calibration 

To verify the flow of solvent delivered by the system, varying injection volumes of 1 mM 

uracil were delivered into a 55 cm x 25 μm ID open capillary spanning the injection valve and the 

UV detector flow cell. The mobile phase was 50:50 0.1% TFA ACN/ 0.1% TFA H2O and the flow 

rate was set to 1.00 μL/min. Uracil absorbance was measured at 254 nm. Timed injections were 

used to deliver injection volumes of 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8 μL in random order. Each 

sample was repeated at least three times. Under these conditions, all peaks had flat tops so the half-
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width, w1/2, of the peak should be equivalent to the width in time units of the injection, tinj, as seen 

in Equation 18.  

Equation 18 

tinj = w1/2 = 
1
F

Vinj 

 

Thus, a plot of width vs. injection time should yield a line with a slope of one, as seen in 

Figure 9. The equation of this plot was y=0.9989 (±0.0012)x + 0.00252 (±0.00054) with 95% 

confidence. This resulted in a calculated flow rate of 1.001 ±0.002 μL/min, which is tolerable in 

the scope of this work.  

 

 

Figure 9 Peak half-widths for varying injection volumes into an open tube for the flow rate validation. Each 

point represents n = 3 replicates. 

2.5.2  Dwell Time Determination 

The dwell time of the system was measured using a method described elsewhere.230 The 

mobile phase consisted of pure water in channel A and 0.1% acetone in water in channel B. The 
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injection valve was connected to the flow cell by the same 55 cm x 25 μm ID open capillary used 

throughout the work reported here. A gradient of 10-90% B was delivered over ten minutes using 

flow rates of 1.00 μL/min and 1.20 μL/min. Runs were repeated at each flow rate in triplicate. One 

such chromatogram can be found in Figure 10.  

 

 

Figure 10 Chromatogram of 10-90% 0.1% acetone/ H2O gradient over 10 minutes for the determination of the 

dwell volume. Chromatogram is representative of n = 3 replicates. 

 

To determine the dwell time, a baseline was drawn at the beginning and end of the gradient 

and the time at which the detector response is at the half point of the gradient, t1/2, was determined. 

The dwell time, td, was then calculated using Equation 19 where tg is the gradient time. This was 

calculated to be 0.907 ±0.025 minutes.  

Equation 19 

td = t1/2 - 
1
2

t
g
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2.5.3  TASF Hardware 

 The TEC temperature was controlled via a feedback loop in which the voltage at the desired 

temperature was ‘stored’ allowing set temperatures to be achieved quickly and reproducibly 

following several training runs prior to the start of the experiments. The feedback loop operated 

by slowly increasing or decreasing the current depending on the overall difference between the 

actual temperature and desired temperature. For example, following a cooling cycle, the voltage 

was raised rapidly to 95% of the maximum voltage then the increment by which the voltage was 

raised further slowed until the desired temperature was reached. This is demonstrated in the 

temperature trace shown in Figure 11A. This trace was reproducible for all experiments and once 

the desired temperature was reached, temperatures did not fluctuate more than ±0.1 °C from the 

set point (Figure 12).  

 

 

Figure 11 Panel A is the TEC temperature profile of the small molecule mixture separation (Fig. 3). Panel B is 

the corresponding pressure trace under isothermal (black line) and TASF (red line) conditions. 
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Figure 12 Demonstration of the programmed control of the TEC. Panel A shows the TEC transition from 

focusing to separation. Panel B shows the temperature trace during the separation phase. Panel C shows cooling 

of the TEC from the separation to the focusing temperature. 

 

As expected, changing temperatures are also reflected in changing pressures due to the 

change in viscosity of the mobile phase. Figure 11B demonstrates the pressure cost of TASF (red 

line) over isothermal separation of the small molecule mixture (black line). It is seen for both traces 

that valve actuation causes a pressure drop during injection and then pressure decreases 

accordingly with the increase of organic modifier in the mobile phase. Pressure then increases 

again during mobile phase re-equilibration. This is consistent with what has been described 

previously.231 The focusing temperature used resulted in approximately 100 bar greater pressures 

during injection and is well within the capabilities of most HPLC pumps and a reasonable 

compromise for improved peak shapes and separation efficiencies. The pressure increase at the 

end of the run corresponds to cooling the TEC prior to the start of the next run. These pressure 

traces were consistent over all runs and sample types (Figure 13).  
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Figure 13 The pressure trace of the separation of the BSA tryptic digest (Figure 8) under isothermal (black 

line) and TASF (red line) conditions.  

2.5.4  Determination of Retention Factors 

Table 1 Mobile Phase Compositionsa 

a Retention times were measured on a 100 μm ID x 5.5 cm. column packed as described in the experimental
section with a flow rate of 1 μL/ min. Parabens and phenones were analyzed separately to avoid cross-over. 
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Table 2 Calculated Retention Factors at φ=0.05b 

bRetention factors were calculated based on the experimental data from Table 1 and Equation 9.
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Figure 14 Comparison of van’t Hoff plots using extrapolated retention factors (red dots) and experimental data 

(blue dots) for acetophenone at 30 °C and Φ = 0.05. The extrapolated retention factors were calculated using 

Equation 8 for Panel A, Equation 9 for Panel B, and Equation 10 for Panel C. 
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Figure 15 Determination of ln (αCH2) using extrapolated retention factors at -7.5°C and Φ = 0.05. The values in 

Panel A were calculated using Equation 8, Equation 9 was used for Panel B, and Equation 10 was used for 

Panel C.  



 51 

 

Figure 16 Comparison of peak height (Panel A), resolution (Panel B), and peak capacity (Panel C) of isothermal 

(black dots) and TASF (blue dots) separations of the small molecule mixture depicted in Figure 3. 
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3.0 On-column Dimethylation with Capillary Liquid Chromatography-Tandem Mass 

Spectrometry for Online Determination of Neuropeptides in Rat Brain Microdialysate 

Reprinted with permission from Analytical Chemistry 2018, 90, 4561-4568. Copyright (2018) 

American Chemical Society. 

We have developed a method for online collection and quantitation of neuropeptides in rat 

brain microdialysates using on-column dimethylation with capillary liquid chromatography - 

tandem mass spectrometry (cLC – MS2). This method addresses a number of the challenges of 

quantifying neuropeptides with cLC - MS. It is also a completely automated and robust method 

for the preparation of stable isotope labeled - peptide internal standards to correct for matrix effects 

and thus ensure accurate quantitation. Originally developed for tissue-derived proteomics samples 

(Raijmakers, et al., 2008), the efficacy of on-column dimethylation for native peptides in 

microdialysate has not been demonstrated until now. We have modified the process to make it 

more amenable to the time scale of microdialysis sampling and to reduce the accumulation of non-

volatile contaminants on the column and thus, loss of sensitivity. By decreasing labeling time, we 

have a temporal resolution of one hour from sample loading to elution and our peptide detection 

limits are in the low pM range for 5 μL injections of microdialysate. We have demonstrated the 

effectiveness of this method by quantifying basal and potassium stimulated concentrations of the 

neuropeptides leu-enkephalin and met-enkephalin in the rat hippocampus. To our knowledge, this 

is the first report of quantitation of these peptides in the hippocampus using MS.  
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3.1 Introduction 

Neuropeptides are heavily involved in cell signaling in the brain, with roles in 

neurotransmitter modulation232-234, reward behaviors6, and cognition8, 235. Unsurprisingly, they are 

implicated in a number of central nervous system disorders including addiction7, 236 and 

depression10. Despite their importance, the details of the distance- and time- scales over which 

they function are largely unknown.5 In vivo investigations of extracellular peptides, typically by 

microdialysis,13, 70 are challenging due to the neuropeptides’ low extracellular concentrations 

(pM96, 237-241) and the potential for loss of peptides due to sample handling96, enzymatic 

hydrolysis,80, 242 and adsorption81, 243.  

Ideally, online measurements of peptides in microdialysate by capillary liquid 

chromatography-mass spectrometry (cLC-MS) should be well-suited for the analysis of 

extracellular processes involving peptides. Online measurements reduce sample handling and 

cLC-MS is suited to the small volumes and low concentrations expected96, 239 of peptides in 

dialysate244. As far as we are aware, only Haskins, et al. have used in vivo microdialysis with online 

LC-MS for the analysis of neuropeptides.95-96 While one of these works focused on the discovery 

of novel peptides95, the other involved the quantification of basal and potassium stimulated levels 

of the neuropeptides met-enkephalin (ME, YGGFM) and leu-enkephalin (LE, YGGFL) in the 

anesthetized rat globus pallidus.96 The authors reported higher peptide levels compared to offline 

studies, which they hypothesized could be due in part to the effectiveness of the online process to 

minimize sample loss.96 Thus, online collection and analysis is preferable to offline methods. 

However, the authors injected dialysate directly on the analytical column, which resulted in rapid 

column degradation and necessitated daily replacement. In addition, isotopically labeled standards 

were not included for quantitation. This is essential80 because ionization efficiencies depend on 
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the analyte as well as the ionic and solvent composition of the medium. Thus, quantitation cannot 

be based on detector response alone.70 While some stable isotope-labeled peptide internal 

standards are available, it would be expensive and impractical to use them in multi-peptide 

analyses. An online labeling scheme is preferred.  

Offline amine labeling has been used in measurements of polar, low-molecular weight 

neurotransmitters in microdialysate.244 The benzoyl chloride work of the Kennedy group245 used 

12C6-benzoyl, to label analytes in dialysate offline while internal standards were labeled with a 

“heavy” 13C6-benzoyl group. This method improved quantitative analysis of microdialysate for 70 

small molecule neurotransmitters and metabolites, including dipeptides.246 An offline but on-

column approach used for quantitative proteomics is the dimethylation of primary amines using 

formaldehyde and cyanoborohydride.247 Raijmakers, et al. have shown this to be an effective 

method for protein quantification in tissue-based samples, with higher efficiency and comparable 

sensitivity as in-solution methods.247-248 We theorized that the on-column method could be adapted 

to the online collection of microdialysate. The potential advantages of this approach are that stable 

isotope labeled – internal standards (SIL-ISs) for multiple analytes can be generated 

simultaneously and the labeling reaction rates are compatible with online analysis. Until now, the 

efficacy of this method has not been demonstrated with native peptides, or with microdialysate244, 

or with online in vivo sampling. 

We made a number of modifications to convert the Raijmakers method from tissue-based 

samples to the online analysis of microdialysate. Here, we demonstrate the effectiveness of this 

method by measuring basal and potassium-stimulated levels of LE and ME in the rat hippocampus. 

These endogenous opioids are involved in learning and memory formation in the hippocampus.8 
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 Our method is able to achieve peptide detection limits in the low pM range for 5 μL 

injections and has a temporal resolution of one hour. While certainly this needs to be decreased, it 

is faster than the previous on-column dimethylation work with tissue-based samples248 and 

comparable to the online microdialysis work of Haskins, et al.96 This method also improves the 

robustness of online collection, significantly increasing the number of samples that can be 

analyzed without human intervention. To our knowledge, this is the first report of online collection, 

labeling, and analysis of neuropeptides in in vivo microdialysis samples and the first report of 

enkephalin quantitation in the hippocampal extracellular space using cLC - MS.  

3.2 Experimental 

3.2.1  Peptide Standards 

Stock solutions of LE (American Peptide, Sunnyvale, CA), ME (Sigma-Aldrich, St. Louis, 

MO), and yaGfl (GL Biochem, Shanghai, China) standards were prepared by dissolving the solid 

as received from the manufacturer in water, which was obtained from a Millipore Milli-Q 

Synthesis A10 purification system (Billerca, MA), to a concentration of 1 mM. Serial dilutions 

were then used to prepare 5 nM standards of each peptide. LE, ME, yaGfl standard mixtures were 

then further diluted to the desired concentrated (usually 100 pM) in either water or a modified 

Ringer’s solution consisting of 148 mM NaCl (EMD-Millipore, Darmstadt, Germany), 1.2 mM 

CaCl2 (EMD-Millipore), 2.7 mM KCl (Sigma-Aldrich), and 0.85 mM MgCl2 (Fisher Scientific, 

Fair Lawn, NJ) at pH 7.4. All standards were made fresh daily.  
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3.2.2  Labeling Reagents 

The labeling reagents were prepared in the following way. Triethylammonium acetate 

(TEAA) buffer was prepared by adding 100 mM acetic acid (Fisher Chemical) to 100 mM 

triethylamine (Sigma) to achieve a pH of 7.40. A volume of 350 µL of the TEAA buffer was placed 

into an autosampler vial (Thermo Scientific, Rockwood, TN) followed by 3.50 µL of 0.6 M sodium 

cyanoborohydride (Sigma) and 3.50 µL of 4% formaldehyde (J.T. Baker, Phillipsburg, NJ). Due 

to the toxicity of formaldehyde vapors, the labeling reagent components should be prepared in a 

fume hood. The mixture was then vortexed and placed in the refrigerated autosampler at 5 °C. The 

heavy labeling reagent was prepared using the same procedure but with formaldehyde-d2 (Sigma). 

TEAA, cyanoborohydride, and formaldehyde solutions were made fresh daily.  

3.2.3  HPLC Setup and Conditions 

A Dionex Ultimate 3000 HPLC system (NCS-3500RS, Thermo Scientific, Germering, 

Germany) was used for cLC. The system consisted of an online degasser, a low-flow loading 

pump, a nanoflow analytical pump, an integrated column oven housing two 10-port Cheminert 

high-pressure 1/16” valves (VICI, Valco, Houston, TX), and a WPS-3000 RS autosampler. For 

the analytical pump, channel A contained 0.5% acetic acid in DI water and channel B contained 

0.5% acetic acid in Optima-grade methanol (MeOH, Fisher Scientific). The loading pump mobile 

phase consisted of 0.5% acetic acid in a 98:2 water: methanol mixture. Peptide standards and 

labeling reagents were housed in the temperature-controlled autosampler at 5 °C.  

Capillary columns of 50 µm ID were prepared in-house using polyimide coated fused silica 

(Polymicro, Phoenix, AZ) that was packed at 6000 psi using the downward slurry method as 
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described previously152. The packing material consisted of Acquity BEH 5 µm C18 stationary 

phase (Waters, Milford, MA) suspended in HPLC-grade isopropanol (Fisher Chemical). Methanol 

was the packing solvent. The outlet was fritted prior to packing by mixing a 25% formamide 

(Acros, NJ) solution with KASIL® 1 potassium silicate (Kasil, PQ Corporation, Valley Forge, 

PA), which was then used to moisten a glass microfiber filter (Whatman, UK).249 The capillary 

was dipped onto the filter paper and placed in an oven at 300 °C for 12 hours. After packing, 

columns were trimmed to 4.5 cm and connected to a pulled silica tip using a PTFE sleeve. Pulled 

tips were also prepared in-house using a laser puller (P-2000, Sutter Instruments, Novatao, CA) 

and 25 µm ID capillaries, which were trimmed to a final tip ID of approximately 10 µm and length 

of 2 cm. The pre-column consisted of an Acclaim PepMap 100 C18 column (Thermo Scientific) 

packed with 3 µm particles and dimensions of 75 µm ID x 2 cm length. 

Peptides were eluted at 0.3 µL/min using the following gradient: a step of 2-20% B 

(nominally in 0.1 minutes) then 20-40% B in 5 minutes with a hold at 40% B for 2 minutes. A 

ramp of 40-95% B over 1 minute was then used to remove any highly-retained analytes present in 

the dialysate. The mobile phase was returned to 2% B (nominally in 0.1 minutes) and re-

equilibrated for 7 minutes. A 3-minute column wash with 95% B was then performed to prevent 

carryover. The total analysis time was one hour. 

3.2.4  Mass Spectrometry 

The cLC was coupled to a Thermo Scientific LTQ XL linear ion trap MS using nanospray 

in positive ion mode. A locally constructed stage housed a 6-port 1/16” VICI high-pressure 

Cheminert valve (Valco) connected to a liquid junction tee (Idex, Oak Harbor, WA) by a 25 µm 
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ID x 10 cm long fused silica capillary. Voltage was applied to the tee at the head of the column. 

The selected precursor ions used for MS2 fragmentation and daughter ions used for generating 

extracted ion chromatograms (EIC) and determining peak area can be found in Table 7 (SI) 

The precursor and daughter ions were chosen for each peptide based on information from 

direct infusions of 5 µM standards into the MS at 0.1 µL/min. Peaks were identified based on MS2 

fragmentation patterns and retention times of the standard peptides as well as comparisons to 

expected fragmentations based on sequence (prospector.ucsf.edu/prospector/cgi-bin/mssearch). 

The LC was operated using Chromeleon Xpress with DCMS link to Xcalibur for MS operation 

and chromatograms were analyzed using Xcalibur Qual Browser.  
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3.2.5  On-Column Labeling Procedure 

 

Figure 17 Schematic for two-column labeling setup. Valve 1 is housed on the autosampler, Valve 2 is housed in 

the LC column oven, and Valve 3 is an external valve housed on the MS stage. Valve 2 is a 10-port valve but is 

depicted with 6-ports for clarity. White indicates a valve that is switching. Labeling is performed in the 

following way: (A) A 5-μL sample loop on Valve 2 is filled with microdialysate (MD) and upon switching, the 

sample is directed onto the pre-column (PC) by the loading pump (LP); (B) A series of five autosampler (AS) 

injections delivers reagents from vials (In sequential order: light labeling reagent, formic acid, 100 pM peptide 

aqueous standards, heavy labeling reagent, and formic acid) onto the PC, which react with peptides that have 

adsorbed onto the PC; and (C) Valve 3 switches, directing flow from the analytical pump (AP) through the PC, 

eluting peptides off the PC and onto the analytical column-mass spectrometer (LC-MS) by gradient elution. 

 

There are three stages in the online method (Fig. 17): pre-concentration of peptides in the 

sample (Fig. 17A), reaction of peptides adsorbed to the pre-column with light reagent followed by 

introduction of unlabeled peptide as internal standards and then reaction of peptides adsorbed to 

the pre-column with heavy reagent (Fig. 17B), and finally injection of the isotopically labeled 
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analytes and standards onto the analytical column. The total cycle time is one hour. In more detail, 

Fig. 17A shows perfusate from the probe continuously filling a 5 µL sample loop on Valve 2. Once 

per hour Valve 2 is switched allowing peptides to adsorb at the head of the pre-column. We have 

given this step four minutes at 5 µL/min to ensure complete emptying of the sample loop and 

sufficient de-salting. Valve 2 is reset to the “fill” position. The second stage has three steps (Fig. 

1B) that use the autosampler. The autosampler has five vials as follows: vials 1 and 2 contain light 

labeling reagent and 5% formic acid, respectively. Vial 3 contains the sought-for peptides (100 

pM) that will, when labeled, act as isotopically labeled internal standards. Vials 4 and 5 contain 

the heavy labeling reagent and 5% formic acid, respectively. The sequence represented in Fig. 17B 

is thus, first, labeling of the adsorbed analyte peptides with light reagent followed by quenching, 

injection of the sought-for peptides, then labeling them with heavy reagent following by 

quenching. Each of the five solutions was loaded into a 5 µL loop and then introduced to the pre-

column at 5 µL/min for three minutes. The result is on-column reaction of adsorbed peptides with 

the injected reagents. The third stage is simpler (Fig. 17C). Valve 3 was switched so that the pre-

column is in line with the analytical pump and the analytical column for separation.  

3.2.6  One-column Approach versus Two-column Approach 

Labeling was performed using a one-column setup and a two-column setup. In the one-

column setup, pre-concentration and separation occurred on a single column. For the two-column 

setup, pre-concentration occurred on a pre-column while the separation occurred on a separate 

analytical column. Figure 17 illustrates the two-column setup. The valve configuration for the one-

column setup was identical except the column was positioned between the loading pump and the 
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analytical pump on Valve 3, taking the place of the pre-column. The sequence of events was also 

the same for the one- and two-column approach, except that for the one-column approach, all 

samples and reagents were injected directly onto the analytical column, with the eluate going into 

the inlet of the MS rather than to waste.  

3.2.7  Labeling Tests 

For in vitro labeling tests, the Ringer’s standard consisted of either 50, 100, or 200 pM 

mixtures of LE, ME, and yaGfl in Ringer’s solution, which was injected via syringe pump in the 

exact manner used for an animal experiment. The aqueous standard consisted of either 50, 100, or 

200 pM mixtures of LE, ME, and yaGfl in water, which were injected using the autosampler in the 

same way described for the animal experiments. The concentrations and labeling conditions were 

randomized and repeated for n = 3 replicates. Samples were randomized to prevent bias due to 

carryover effects at higher concentrations and to demonstrate that the method is reproducible when 

going from high to low concentrations and vice versa. Table 8 (SI) shows the ion transitions used. 

3.2.8  Microdialysis and Surgery 

All procedures involving animals were carried out with the approval of the Institutional 

Animal Care and Use Committee of the University of Pittsburgh. Male Sprague-Dawley rats (250–

375g, Charles River, Wilminton, MA) were intubated and anesthetized with isoflurane (S-3 Baxter 

Healthcare, Deerfield, IL) at 0.5 % by volume and wrapped in a homoeothermic blanket (EKEG 

Electronics; Vancouver, BC, Canada), (n=4). Body temperature was maintained at 37.5 oC using 

a heating pad. The rats were placed in a stereotaxic frame (David Kopf Instruments; Tujunga, CA). 
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Microdialysis probes (216 μm o.d., 2 mm in length) were constructed with hollow fiber dialysis 

membrane (Spectra-Por RC Hollow Fiber; MWCO: 13,000 Da, 200 μm i.d., Spectrum 

Laboratories, Inc.; Rancho Dominguez, CA) and fused silica outlet lines (150 μm o.d., 75 μm i.d., 

Polymicro Technologies; Phoenix, AZ) as described elsewhere.250 The scalp was shaved and the 

skull was exposed. A craniotomy was performed and the dura was carefully removed away to 

expose the brain. The incisor bar was adjusted so that the dorsal-ventral measurements at lambda 

and bregma were no more than 0.01 mm apart (flat skull). Microdialysis probes were lowered into 

the hippocampus to a final position of 5.6 mm anterior to bregma, 4.6 mm lateral from midline 

and 5.0 mm below dura251 over a 30-minute period. The probes were perfused throughout all 

implants with Ringer’s at 0.500 μL/min using a syringe pump (Harvard Apparatus, Holliston, 

MA). Potassium stimulation was conducted using a Ringer’s solution containing 100 mM KCl. 

The concentration of NaCl was adjusted to maintain ionic strength. The high potassium Ringer’s 

was administered via a VICI Valco 10-port valve housed in the LC column oven. After 10 minutes 

of high potassium stimulation the valve was switched to resume perfusion with the standard 

Ringer’s solution. On completion of testing, the rats underwent intracardial perfusion and the 

brains were removed for verification of the probe location [Fig. 22 (SI)]. 

3.2.9  Microdialysis Probe Recovery 

The microdialysis probe recovery was tested in vitro by placing a probe in a solution of 

100 pM LE and ME in Ringer’s after removal of the probe from the rat brain. 100 pM yaGfl in 

Ringer’s was perfused through the probe at 0.5 µL/ min and the outlet of the probe was connected 

directly to the cLC sample loop as shown in Figure 17. At least three replicates were obtained for 

each measurement.  
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3.2.10  Data Analysis 

Peak integration was automated using the Xcalibur Qual Browser. Each peak was manually 

inspected prior to area calculation. Relative areas were obtained by dividing the peak area of the 

light peptide by that of its heavy analog. An analysis of variance (ANOVA) was used to compare 

basal relative areas for LE for each of the four rats with the null hypothesis being that the mean 

relative area is the same for each rat (with 95% confidence). A p-value of 0.0004 indicated that 

the null hypothesis should be rejected and a post hoc Tukey test revealed that the measured relative 

areas for Rat 1 were significantly different from those of Rats 2, 3, and 4. For this reason, the 

measured values for each rat are presented individually. The ANOVA was repeated in the same 

way for ME. Although it indicated that there was no significant difference in measurements for 

each rat (p = 0.18), in most cases we were only able to measure ME once in each rat. Thus, we 

have chosen to report ME values for each rat individually.  All statistics were performed using 

StatPlus in Excel. Values are stated as the mean ± the standard error of the mean (SEM).  

3.3 Results and Discussion 

3.3.1  On-column Dimethylation 

While the efficacy of the on-column dimethylation procedure has been shown elsewhere,247 

this technique was originally developed for proteomics applications, which have a few significant 

differences compared to online microdialysis applications. First, proteomics samples typically 

consist of tryptic digests derived from tissue homogenates. Samples go through several purification 
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and pre-concentration steps, which also enable higher ion counts. The microdialysis probe 

typically excludes large proteins, resulting in relatively clean samples, but dialysate still contains 

a high concentration of salts which must be separated from analytes to achieve efficient ionization 

and detection. Thus, a de-salting step was added following sample loading. Low endogenous 

concentrations (pM-nM) in the extracellular space combined with limited microdialysis recoveries 

result in significantly less analyte mass on-column than tryptic digests, so while the previous work 

utilized larger volumes of labeling reagents (40 µL), we have reduced these volumes to 5 µL, 

which also reduces labeling time. We note that each labeling step only required three minutes. This 

reduction in time was necessary to achieve a practical temporal resolution for online microdialysis 

sample collection and near real-time measurements. Previous work utilized a sodium phosphate 

buffer for the labeling reagents. We have chosen to use triethylammonium acetate instead to reduce 

the accumulation of non-volatile salts on the column, which result in decreased sensitivity and 

column lifetime, particularly for the one-column setup.  

3.3.2  Labeling Tests 

It is imperative to establish the completeness of the labeling procedure and to confirm the 

absence of cross-labeling and mixed-labeling which would occur if the first of the two labeling 

reactions was not effectively complete. Recall that the autosampler contains five vials: light 

reagent and quench solution (vials 1 and 2), aqueous peptide standards (vial 3), and heavy reagent 

and quench solution (vials 4 and 5). We determined completeness using two tests: 1) The Ringer’s 

standard (a surrogate for the sample) was injected followed by the sequence of labeling steps (Fig. 

17B) except the introduction of the aqueous standards, i.e., vials 1, 2, 4, 5 were injected in series; 

and 2) The Ringer’s standard was not injected. All steps in Fig. 17B, including the introduction of 
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the aqueous standard, were injected in sequence.  In the first case, the peptide is exposed to both 

light and heavy reagents but should only be light labeled. The presence of the heavy labeled 

peptides would indicate incomplete reaction. In the second case, only heavy labeled peptides 

should be present. The presence of light labeled peptide would indicate carryover of the light 

labeling reagent. In addition, if we observed differences in the amount of light and heavy label 

between the two tests, we would infer an effect of incomplete removal of salt on the reactions.  

We did not detect unlabeled peptide, cross-labeling, or mixed products over a set of 

concentrations of peptides (Figs. S23-25). Ions were present in the expected ratios based on 

relative concentration (1:1). Thus, any amount of unlabeled peptide is below our detection limit 

and thus the labeling is apparently complete at these concentrations.  Given that the ratios between 

light and heavy peptides were as expected, we conclude that the presence of salts in the Ringer’s 

solution did not affect the labeling efficiency or ionization efficiency compared to the aqueous 

standard. Thus, we conclude that this is an effective method for labeling. Previous reports247, 252-

253 have investigated the labeling efficiency of the dimethylation reaction at varying concentrations 

and for various applications and have had similar findings.  
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3.3.3  One-column Setup 

 

Figure 18 Calibration curve for LE using the one-column setup. The relative area is defined as the area of the 

light peptide (in Ringer’s) divided by the area of the heavy peptide (100 pM LE in water). Error bars represent 

the SEM for n = 2 replicates. 

Initially, we investigated the use of online labeling using a single column. With this 

approach, the loading pump directs all sample and reagents onto the analytical column and waste 

is directed into the MS source. This method can be easily adapted to existing LC-MS setups and 

does not necessarily require additional equipment, such as valves. Fig. 18 depicts a calibration 

curve of LE generated using the one-column setup, where the relative area was determined by 

dividing the peak area of the light peptide (prepared in Ringer’s) by the peak area of the heavy 

peptide (100 pM LE in water). The plot should be linear with an intercept equal to approximately 

zero, yet by eye the points do not describe a good straight line (slope (± SEM) is 0.01130 ± 

0.00092) and the intercept (± SEM) is 0.671 ± 0.047. Reproducibility was also a challenge, as 

indicated by large SEMs for replicate measurements. A significant contribution to this poor 

calibration is the decrease in MS sensitivity after several hours of repeat injections. This was likely 

due to the accumulation of non-volatile salts from the Ringer’s solution at the MS inlet. This 
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problem could be prevented if one has a method for preventing eluate from entering the MS source, 

such as diverting the liquid stream from the glass emitter tip using N2.96 Another issue was rapid 

column degradation, which has been reported by others in similar applications96, 254-255. 

Interestingly, this was not an issue with aqueous standards, only those prepared in Ringer’s. 

Larger-bore columns may minimize this effect241 but trade-offs in sensitivity must be considered. 

We found the one-column method useful for method development, especially since it requires 

minimal changes to existing setups and procedures. It could also be utilized for short-term studies 

occurring over a few hours but longer studies require a more robust setup. Thus, we pursued a two-

column approach.  
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3.3.4  Two-column Setup 

 

Figure 19 Quantitation of LE (blue), ME (black), and yaGfl (100 pM, red) (A) based on the peak area of the 

light labeled peptide and (B) based on the relative area, in which the peak area of the light peptide (in Ringer’s) 

is divided by the peak area of the heavy peptide (100 pM in water). Black squares with blue centers indicate 

overlapping data points. Error bars represent the SEM of n = 2 replicates. 

 

It is well-known that internal standards are necessary for MS2 quantitation to correct for 

matrix effects.80 This is particularly true for dialysate samples (Fig. 19). Fig. 19A depicts the peak 

areas of Ringer’s standards that were labeled using the light reagent. In comparison, Fig. 19B 

shows the same data, but expressed as the ratio of the peak area of the light labeled peptide to that 

of the heavy labeled peptide (100 pM in water). The addition of the isotopic standard resulted in 
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improved reproducibility and linearity (Table 3). These results further demonstrate the efficacy of 

this method, as ratios of light to heavy are as expected based on relative concentrations. In Fig. 3, 

yaGfl was present at a concentration of 100 pM in both the Ringer’s and the aqueous standards. 

Though both are normally distributed, the relative standard deviation of the distribution of yaGfl 

relative areas is considerably smaller than that for the peak area of yaGfl alone (Table 4). Thus, 

inclusion of the heavy peptide improves reproducibility of dialysate measurements.     

Table 3 Slope and Intercept of the Calibration Curve Obtained using the Peak Area of the Light Peptide (Fig. 
19A) and the Relative Peak Areaa (Fig. 19B) 
 
 aDefined as the peak area of light peptide divided by the peak area of its heavy analog 
bUnits of Peak Area 
cSEM = standard error of the mean 
dUnits of (Peak Area)(Conc.)-1   
eUnits of Relative Area 
fUnits of (Relative Area)(Conc.)-1   

 Peak Area of Light Peptide Relative Peak Area 

Peptide Interceptb 
(± SEMc) 

Sloped 
(± SEM) 

Intercepte  
(± SEM) x 104 

Slopef 

(± SEM) x 104 
LE 399 ± 337 76 ± 3  373 ± 115 91.7 ± 1.1 
ME  -23 ± 194 48 ± 2 -26 ± 96 96.47 ± 0.98 

 

Table 4 Mean and Standard Deviationa of Light yaGfl Peak Areas (Fig. 3A) and Relative yaGfl Peak Areasb 
(Fig. 3B)  
 

aStatistics are based on n = 12 measurements. 
bDefined as the peak area of light yaGfl divided by the peak area of heavy yaGfl 
cUnits of Peak Area 
dUnitless 

Parameter 
Peak Area of 
Light yaGflc  

Relative 
Peak Aread 

Mean 16700 1.18 
Standard Deviation 2200 0.078 
Relative SD 0.13 0.066 
Median 16400 1.21 
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3.3.5  In Vivo Microdialysis 

 

Figure 20 Profile of LE (blue) and ME (black) levels during sampling of a single rat. The first point (t=0 hours) 

was collected 15 minutes after probe implantation. Shaded areas represent points collected during 10-minute 

potassium stimulation. The relative area is defined as the peak area of the light peptide divided by the peak 

area of the heavy peptide. 

To demonstrate the utility of this method for studying dynamic changes in endogenous 

neuropeptides in vivo, we monitored LE and ME concentrations in the rat hippocampus. Fig. 20 

depicts recorded LE and ME levels throughout the sampling time for a single rat. This was a typical 

profile obtained for each of the rats (Fig. 26). Interestingly, with each rat we saw an initial high 

peptide level immediately after probe implantation. This phenomenon has been observed in other 

neuropeptide microdialysis studies.93, 238 The calibration curves in Fig. 3B were used to convert 

the relative areas, such as those shown in Fig. 20, to concentrations for each rat. Estimated dialysate 

concentrations of LE and ME can be found in Table 5. ANOVA revealed that basal concentrations 

of Rat 1 were statistically different from the others (see Experimental). This could be because the 



 71 

probe for Rat 1 was slightly outside the targeted area where the other probes were located (Fig. 

S1).  

Table 5 Estimated Concentrationsa,b,c of LE and ME in Dialysate  

aValues are not corrected for probe recovery. 
bLevels were quantified using the regression statistics in Table 3 
cConcentrations are expressed as the mean ± SEM, where the value in parenthesis indicates the number of 
measurements in which the peptide was detected 
dBased on the first potassium stimulation 
ePotassium stimulation was not performed on Rat 2 
fMeasurements that do not have SEM values were only measured once (n = 1) 
 

 LE ME 

Rat Basal 
Conc. (pM)c 

K+ Stimulatedd 
Conc. (pM) 

Basal 
Conc. (pM)c 

K+ Stimulatedd 
Conc. (pM) 

1 67 ± 12 
(n = 3) 126f 49 ± 8 

(n = 3) 84f 

2 5.6 ± 1.2 
(n = 2) 

Not  
Performede 3.7f Not  

Performede 

3 4.4 ± 1.2 
(n = 4) 8.9f 2.8f 11f 

4 2.0f 7.5f 9.0f 14 ± 2 
(n = 2) 

 

Potassium stimulation is a commonly employed method used to verify the presence of a 

neuropeptide.256-258 Fig. 21 shows the typical EIC and MS spectra for peptides following 

stimulation with potassium. Each peptide was easily identifiable under these conditions. Thus, we 

are observing endogenous neuropeptide release. Peptide response decreased with repeated 

potassium stimulation. This has been observed elsewhere.240 We observed a statistically significant 

2.8-fold increase in LE during potassium stimulation compared to basal levels (Fig. 26). We did 
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not detect a significant increase (defined as p < 0.05) in ME during potassium stimulation (9). This 

was because basal levels were often below the detection limit.  

Figure 21 Peptide detection during potassium stimulation.  A) Chromatograms and corresponding mass 

spectra at the point of elution of B) light LE, C) heavy LE, D) light ME, and E) heavy ME during 10-minute 

stimulation with 100 mM KCl Ringer’s. Light and heavy yaGfl spectra can be found in Figure 27 (SI). 

 

At the end of the sampling time, the microdialysis probe was removed to test for in vitro 

recovery. The recoveries ± SEM were 14.9 ± 1.1% for LE and 13.3 ± 2.4% for ME (n = 3). Probe 

recovery was determined after in vivo use to prevent carryover of standards prior to rat experiments 

and to show that the probe was properly functioning throughout the course of the experiment. 

Thus, we conclude that this method is useful for observing dynamic changes in neuropeptide 

concentrations in the extracellular space.  

Since this is the first report of online labeling and MS quantitation of neuropeptides in rat 

brain microdialysates and the first study quantifying enkephalin levels in the hippocampal 

extracellular space using MS, there is a lack of literature with which to compare our results. The 

closest work consists of two reports, both conducted by Rocha, et al., in which microdialysis 

followed by radioimmunoassay (RIA) was used to compare total opioid peptide (defined as 
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peptides with YGGFM… or YGGFL… N-terminal sequences) levels in the hippocampus of 

control rats to those with induced seizures. They reported total opioid concentrations in control 

animals of 11.2 ± 2.5 pM259 and 24.5 ± 2 pM,260 without correction for probe recovery. These 

values are similar to ours. They also observed approximately 1.5-259 and 4-fold260 increases in total 

opioid levels when stimulating with 100 mM potassium for 10 minutes.  These values are similar 

to the relative changes in LE levels that we observed under the same stimulation conditions.  

Extracellular neuropeptide concentrations are region-dependent.13 Our measured LE and 

ME concentrations were near and at times below our detection limits. Three of our probe locations 

were primarily in the CA1 region of the hippocampus, which has lower enkephalin levels than the 

nearby dentate gyrus and the CA3.49,50 More broadly, RIA and immunohistochemistry 

measurements have shown that LE and ME levels vary considerably among regions of the brain 

and are higher in other brain regions, such as the striatum, compared to the hippocampus.261-266 

Although immunoreactivity is not directly related to extracellular concentrations of the 

pentapeptides, we speculate that the detection limits of this technique will allow for measurements 

in many other brain regions.  

3.3.6  Use of yaGfl as a Quality Control Indicator 

Given the complexity of the experimental setup, we found it useful to include the D-amino 

acid-containing peptide yaGfl in the perfusate to aid in troubleshooting and as a semi-quantitative 

measure of the data quality. This synthetic amino acid was chosen because it is similar in length 

and composition to our analytes of interest and is not hydrolyzed to any detectable extent in the 

extracellular space.267 If a peptide that is hydrolyzed in the extracellular space were used, it would 

not be a suitable control because it would not be known if decreases in signal observed at the 
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detector were due to instrumental issues or enzymatic hydrolysis. The yaGfl present in the 

perfusate was light labeled along with the other peptides in the microdialysate. In order to generate 

a SIL-IS, yaGfl was also contained in the aqueous standard. By pooling data from all four rats, we 

found that the relative area of yaGfl (ratio of light to heavy peak area) was normally distributed, 

with a mean of 0.989 and a standard deviation of  0.067 (n = 23, Table 6). Using this value, we 

can quickly assess the quality of an injection. If we obtain a relative area outside the range of 0.85 

to 1.13, we suspect (with 95% confidence based on 22 degrees of freedom) that there is some 

problematic issue, such as a leak. It is especially important to have a control such as this when 

doing online analysis, which requires rapid troubleshooting to avoid sample loss. Additionally, by 

comparing the SEM of yaGfl measurements to that for a peptide, we can determine if variations in 

peptide levels are due to physiological variations or procedural errors. Thus, yaGfl is a useful 

internal standard to assess point-to-point and rat-to-rat reproducibility.  

Retrodialysis of yaGfl is also useful for determining microdialysis probe extraction 

fraction, which is important for accurate quantitation. This is typically determined in vitro but it is 

helpful to have an in vivo method since the environment of the brain is much different than that of 

a beaker. By comparing the mean relative area ± SEM of yaGfl in the absence of the microdialysis 

membrane (Table 2, 1.180 ± 0.022) to the mean in Table 6, the extraction fraction is 16.19 ± 0.03% 

(1-(0.989/1.180) expressed as a percent). Assuming there is no degradation of yaGfl in the 

extracellular space, the extraction fraction is equal to the probe recovery. This value is within 

reasonable agreement with the LE and ME recoveries and indicates that yaGfl is useful for 

determining probe recovery in vivo.  
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Table 6 Descriptive Statisticsa for the Relative Areab of yaGfl  

aStatistics are based on n = 23 measurements. 
bThe relative area was calculated by dividing the peak area of light yaGfl (from the perfusate) by the peak 
area of heavy yaGfl (100 pM aqueous standard). 

Parameter Value 
Mean 0.989 
Standard Deviation 0.067 
Standard Error 0.014 
Median 0.982 

 

3.4 Conclusion 

We have developed an online, automated method for labeling endogenous neuropeptides 

in microdialysate and corresponding isotopic standards. This allows quantitation of dynamic 

processes occurring in the extracellular space. We have demonstrated this by quantifying LE and 

ME in the anesthetized rat hippocampus under basal and potassium-stimulated conditions. To our 

knowledge this is the first report of online collection and labeling for microdialysis applications 

and the first quantitative study of endogenous LE and ME in the hippocampus using MS2. One 

drawback of this technique is the time required for labeling. In this study we did not optimize the 

labeling procedure for maximum time efficiency. We anticipate improving this for future work, 

both by optimizing labeling steps to achieve complete labeling in the least amount of time and by 

increasing loading flow rates.  
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3.5 Supporting Information for On-column Dimethylation of Neuropeptides in 

Microdialysate 

3.5.1  Mass Spectrometry 

Table 7 Selected Ions for Fragmentation and Quantitation of Neuropeptides  

aIsolation widths were 3 m/z 
bTolerance was ± 0.5 m/z.  

Peptide Abbreviation Precursor m/za Daughter m/zb 

Dimethyl leu-enkephalin Light LE 584.30 425 + 453 
2H4 Dimethyl leu-enkephalin Heavy LE 588.30 429 + 457 
Dimethyl yaGfl Light yaGfl 598.30 439 + 467 
2H4 Dimethyl yaGfl Heavy yaGfl 602.30 443 + 471 
Dimethyl met-enkephalin Light ME 602.30 425 + 453 
2H4 Dimethyl met-enkephalin Heavy ME 606.30 429 + 457 

 

Table 8 Selected Ions for Fragmentation and Quantitation in Labeling Tests  

aIsolation widths were chosen so that multiple analytes, including potential cross-labeled products, could be 
detected in a single fragmentation step. 

Peptide Center 
m/z 

Isolationa 
Width (m/z) 

Daughter 
m/z 

Leu-enkephalin (LE) 556.60 3 397 + 425 
yaGfl 570.25 3 411 + 439 
Met-enkephalin (ME) 574.20 3 397 + 425 
Light LE 588.30 8 425 + 453 
Heavy LE 588.30 8 429 + 457 
Light yaGfl 602.30 10 439 + 467 
Heavy yaGfl 602.30 10 443 + 471 
Light ME 602.30 10 425 + 453 
Heavy ME 602.30 10 429 + 457 
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3.5.2  Microdialysis Probe Location 

 

Figure 22 Localization of microdialysis probes in the rat brain. (A) Representative microdialysis probe track. (B) 

Schematic reconstructions of positions of the four microdialysis probes (adapted from Paxinos and Watson251). Coordinates 

were chosen to sample from the CA1 region. Note that probe 1 is in the dentate gyrus. Numbers in red correspond to the 

rat numbers in Table 5 of the text. 

3.5.3  Labeling Tests 

 To confirm the absence of unlabeled or cross-labeled peptides, we performed a series of 

tests in which labeling was conducted as described in the text but: 1) The Ringer’s standard was 

injected prior to treatment with labeling reagents and no aqueous standard was injected and 2) The 

aqueous standard was injected after quenching of the light label but before treatment with the 

heavy label. In this test, no Ringer’s standard was injected. For each test the Ringer’s standard 

consisted of 50 pM (Fig. 23), 100 pM (Fig. 24), or 200 pM (Fig. 25) LE, yaGfl, and ME in Ringer’s 

and the aqueous standard consisted of matching concentrations (either 50, 100, or 200 pM) of LE, 

yaGfl, and ME in water. As expected, for the first test we observed only light product in the mass 

spectra and for the second test we saw only heavy product, indicating complete labeling.  
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Figure 23 Labeling test results for 50 pM Ringer’s standards (left column) and 50 pM aqueous standards (right 

column) for A-B) LE, C-D) yaGfl, and E-F) ME. Peak identifications were made using 

prospector.ucsf.edu/prospector/cgi-bin/mssearch.cgi. 
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Figure 24 Labeling test results for 100 pM Ringer’s standards (left column) and 100 pM aqueous standards 

(right column) for A-B) LE, C-D) yaGfl, and E-F) ME. 
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Figure 25 Labeling test results for 200 pM Ringer’s standards (left column) and 200 pM aqueous standards 

(right column) for A-B) LE, C-D) yaGfl, and E-F) ME. 
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3.5.4  In Vivo Microdialysis Data 

 

Figure 26 Measured LE Levels for Each Rat. To determine the percent basal, all detectable basal light LE peak 

areas were divided by the corresponding heavy peak area to obtain the relative area. The basal relative areas 

for each individual rat were averaged. Each time point was divided by the mean basal relative area and 

expressed as a percentage. Gray shaded areas indicate points that were collected during potassium stimulation. 

The time axis of each rat has been adjusted so that the potassium stimulated points are aligned. 
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Figure 27 Mass spectra at the point of elution for A) light yaGfl and B) heavy yaGfl during 10-minute 

stimulation with 100 mM KCl Ringer’s. Corresponding chromatograms can be found in Figure 21. 
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Figure 28 Comparison of LE, ME, and yaGfl Potassium Stimulated Levels to Basal Levels. Percent basal levels 

were determined by dividing the relative area (light peak area/ heavy peak area) at each time point by the mean 

basal relative area for each rat, which was then expressed as a percentage. The shaded gray area indicates 

points that were collected during potassium stimulation. The time axes have been adjusted so that the potassium 

stimulated points are aligned. The asterisk indicates a statistically significant (p=0.03) increase in LE levels 

during potassium stimulation as determined using a one-tailed t-test (with 95% confidence). The error bars 

represent the SEM of n = 3 rats. 

 

Table 9 Comparison of Basala Levels of ME with Potassium Stimulatedb Levels  

aThe mean of pooled basal levels (± SEM) was 0.260 ± 0.062 for n = 6 measurements. 
bThe mean of pooled potassium stimulated levels (± SEM) was 0.33 ± 0.10 for n = 5 measurements.  
cComparisons were made using a one-tailed t-test with 95% confidence.  

 

Source of 
Variation 

Sum of 
Squares 

Degrees of 
Freedom 

Mean 
Square F P-value 

Between 
Groups 

0.015 1 0.015 0.20 0.67 

Within Groups 0.71 9 0.079   
Total 0.72 10    
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4.0 The Development of Electroosmotic Perfusion-Microdialysis for In vivo Measurement 

of Ectopeptidase Activity 

Neuropeptides are a diverse set of chemical messengers that are involved in a number of 

cognitive processes including learning and memory. Their effects in the extracellular space are 

modulated, in part, by ectopeptidases, membrane-bound enzymes with active sites facing the 

extracellular space. When neuropeptides are degraded by ectopeptidases, their effects are altered 

or ceased and resulting hydrolysis products can have effects different from the parent peptide. 

Thus, release of a particular peptide can initiate a cascade of events throughout the central nervous 

system. Understanding of the fate of neuropeptides in the extracellular space is limited by the lack 

of available methods for quantifying ectopeptidase activity with natural substrates in vivo, 

especially at spatial resolutions relevant to the brain.  

We have developed a technique called electroosmotic perfusion-microdialysis, in which 

substrate peptides are perfused into the brain of an anesthetized rat using current. The substrate 

peptide interacts with ectopeptidases in the extracellular space and hydrolysis products along with 

unhydrolyzed substrate are collected using microdialysis. Using current allows us to control the 

volume of substrate perfused and the residence time in the tissue. Thus, we can make quantitative 

measurements of ectopeptidase activity. We have demonstrated this technique by measuring 

leucine enkephalin (LE, YGGFL) degradation to the product GGFL in the prefrontal cortex of the 

anesthetized rat with a spatial resolution of 100 µm. We also observed a dose-dependent effect on 

LE hydrolysis using an insulin regulated aminopeptidase (IRAP, EC 3.4.11.3) inhibitor. This is 

the first report of a sampling method capable of performing such measurements in the extracellular 

space of the rat brain in vivo.  
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4.1 Introduction 

Ectopeptidases, membrane-bound enzymes with active sites facing the extracellular space2, 

modulate the effects of neuropeptides, a diverse class of signaling molecules.236  Hydrolysis 

products produced by ectopeptidases can have effects that are different from the parent peptide.5 

Thus, at the very least, ectopeptidases can control the local activity of a neuropeptide. The release 

of a particular neuropeptide can sometimes result in a series of effects throughout the central 

nervous system as a result of ectopeptidase activity. The understanding of such processes is limited 

by the lack of suitable methods.1 Making quantitative measurements of ectopeptidase are 

especially challenging in the brain where the role of a peptidase can be tied to its specific location2, 

236, requiring spatially-resolved but minimally-invasive methods for probing the extracellular 

space. In vitro assays128, 268-270 and in situ histological studies120, 271-274 provide important 

information but it is unknown how activities implied by these methods translate to in vivo 

conditions.103, 275 There exists a need for a sampling-based method for measuring membrane-bound 

ectopeptidase activity using natural substrates in an in vivo model, particularly in the brain. 

Microdialysis (MD) is the most commonly used method for sampling the extracellular 

space 78 and has been used to study enzyme activity qualitatively in vitro128-129 and in vivo in the 

brain50-51, 94, 122-125, 276-278 and other tissues130, 132, 279-283. Substrate introduction through the 

membrane (retrodialysis) and collection of substrate and products through the membrane of the 

probe depends on diffusion, probe characteristics and chemical processes in the tissue.131, 135-137  

Thus, there is no experimental parameter to directly control substrate residence time.134 In work 

outside the brain, the Stenken group has explored using extraction fraction, the ratio of the 

concentration of substrate collected at the probe outlet compared to that introduced at the inlet, as 

a measure of enzymatic activity.127-130, 132, 134 They concluded that because the extraction fraction 
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is more affected by mass transport processes than hydrolysis in tissue, it cannot be used to 

quantitatively study enzymatic activity in vivo.134 

Electroosmotic flow is the basis of a method that has been used to study ectopeptidase 

activity in organotypic hippocampal slice cultures (OHSCs).139-140, 148, 150-151, 284 . Electroosmotic 

flow results from a current passing through an electrolyte solution in a matrix with charged walls 

such as a fused silica capillary or tissue.133, 285-287 In tissue, the cell membranes and extracellular 

matrix are negatively charged, and a fused silica capillary naturally has negatively charged-walls. 

Bulk fluid flow is due to the movement of the surface’s counterions in the diffuse layer.285-286 The 

main advantage of using electroosmotic flow is that the current path, and thus spatial resolution, 

is dependent on the positioning of the current source and sink in relation to one another.149 The 

velocity of an ectoenzyme substrate introduced through the tissue, and thus the residence time, can 

be controlled by changing the magnitude of the applied current.139, 148-149 In electroosmotic push-

pull perfusion (EOPPP) as applied in OHSCs a substrate-containing pulled capillary inserted into 

the tissue provides substrate near a collection capillary that is placed perpendicular to the top 

surface of the OHSC140. The collection capillary contains substrate and products of enzymatic 

reactions. EOPPP has been used to identify differential hydrolysis rates of galanin140 and LE151 in 

different regions (CA1 and CA3) of OHSCs. The latter work recently resulted in the first report of 

spatially resolved, quantitative ectoenzyme activity using natural substrates in live tissue.151 The 

CA1 region, which is more vulnerable to oxygen and glucose deprivation than the CA3 region, 

had a greater activity (Vmax) of a bestatin-sensitive ectopeptidase than the CA3 region. This 

difference was correlated with neuronal damage during oxygen and glucose deprivation and was 

abolished by the δ-opioid receptor antagonist naltrindole at which LE acts151. 
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The work described above represents a major technological step in quantitative evaluation 

of ectopeptidase activity in intact tissue using natural substrates. However, it is obviously 

preferable to perform these measurements in vivo. This is especially important for peptide 

substrates that are regulated based on physiological changes like blood flow, such as the 

angiotensins 288. However, transitioning to in vivo models is not as simple as performing the same 

steps in vivo as were done ex vivo. There are several technical issues that must be addressed. The 

most significant problem is flow rate. EOPPP operates in nL/ min flow rates.148 This is 

advantageous for achieving a desirable analyte residence time but results in small sample volumes. 

This is not practical for obtaining multiple samples from a single animal over time. The second 

challenge is reproducibly implanting the two probes at a distance of ~100 µm, the spatial resolution 

at which our previous work was done.140, 151  

Using direct laser writing289-299, we have fabricated a dual-channel electroosmotic 

perfusion – microdialysis (EOP-MD) probe that allows perfusion of a natural substrate into the 

extracellular space where it interacts with ectopeptidases. Hydrolysis products along with any 

unhydrolyzed substrate are collected using the integrated MD probe. Dialysate is analyzed online 

using high-performance capillary liquid chromatography-tandem mass spectrometry (cLC-MS2). 

This allows the monitoring of ectopeptidase activity in near-real time with a spatial resolution of 

approximately 100 µm. Because substrate perfusion velocity is dictated by current, we can control 

the substrate residence time in the ECS of the tissue by changing the magnitude of the current.148, 

151 The dual-channel perfusion tip permits sampling under a pair of matched conditions (± 

inhibitor) without disturbing the probe. 

We have demonstrated that this technique is capable of measuring dose-dependent effects 

of the inhibitor HFI-41966 on LE hydrolysis. HFI-419 is a specific inhibitor of insulin-regulated 
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aminopeptidase (IRAP, EC 3.4.11.3), an ectopeptidase known to hydrolyze neuroprotective 

peptides including the enkephalins17-18, arginine-vasopressin17, 20-21, and oxytocin17, 21 in vitro. 

These measurements were performed in the rat cortex, an area of the brain in which both IRAP300-

301 and LE263, 302 are found.  

This work is novel both technologically and biochemically in that: (1) it is the first account 

of using direct laser writing to fabricate a perfusion/ sampling device for use in the brain, (2) it is 

the first method capable of controlling substrate residence time in the extracellular space of the 

anesthetized rat brain, and (3) it is the first demonstration of IRAP hydrolysis of a natural peptide 

substrate in the presence and absence of a specific IRAP inhibitor in vivo.  
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4.2 Results  

4.2.1  Development of the EOP-MD Probe 

 

Figure 29 (a) Relative size of EOP-MD perfusion tip compared to a nickel. The tip is outlined in red. A 48x 

SEM image is shown in (b) and a 3x stereoscopic photo is shown in (c).  Temporary “wings” on the device allow 

the device to be manipulated during probe assembly. They are were removed prior to insertion in the animal. 

A remnant of one wing can be seen in Fig 29b. The wing-free device, suitable for implanting, is seen in Fig 29c. 

The fully assembled EOP-MD probe is shown in (d). 

We created a device that integrates a source probe, which provides substrate solution, and 

a MD probe, which collects unreacted substrate and products, with the Nanoscribe direct laser 

writing system (Fig 29).  The source probe contains two independent microfluidic channels so that 

different perfusion solutions can be used alternately in the same experiment. Aside from the initial 

designing of the probe and a few steps after fabrication to rinse out any unreacted photoresist, 

direct laser writing is a relatively hands-off process. The distance between the source tip and the 

nearest surface of the microdialysis probe as measured using a stereoscope was 90 ± 5 µm (mean 

± SEM, n = 3). 
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Figure 30 Schematic drawing of the general procedure of EOP-MD sampling. An electrode is placed in the 

reservoir surrounding the Nafion wall of the channel containing the perfusion solution. When a positive voltage 

is applied to the electrode, cations carry the current across the Nafion. This current generates electroosmotic 

flow through the capillaries and into the tissue. The current passes through the microdialysis membrane to a 

second Nafion wall in the microdialysis inlet capillary. Analytes, in this case LE plus hydrolysis products and 

the D-amino acid internal standard yaGfl, are collected at the MD probe. The outlet of the MD probe is 

connected to the LC-MS, resulting in online collection and analysis. 

Electroosmotic delivery was achieved (Fig 30) using a constant current. The positive 

current passes through the source capillary, out the source tip, through the medium (tissue or gel), 

through the microdialysis membrane, and up the inlet microdialysis capillary. A short length of 

Nafion tubing is integrated with the current-carrying capillaries. Current flows through the Nafion 

into an electrolyte bath and a Ag electrode.  
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4.2.2  In vitro Fluorescence Studies 

To visualize solute transport from the perfusion tip to the MD probe, we infused fluorescent 

dyes into a hydrogel and monitored the fluorescence intensity over time. The hydrogels have a 

similar zeta potential as that of brain tissue303 and have been used as an in vitro model for 

electrokinetic transport in the brain.287, 304 We used 3 kDa Texas Red (TR3), which is neutral, and 

tris(bipyridyl)Ru(II) (Ru(bpy)3
2+) as the solutes151. 
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Figure 31 Measuring fluorescence intensity in a hydrogel over time. (a) A 4x brightfield image of the perfusion 

tip and MD probe placement in the gel. TR3 was infused into the hydrogel using a current of 75 μA. The 

intensity of fluorescence was measured (b) prior to turning on current (0 minutes) and after (c) 5 minutes and 

(d) 60 minutes of perfusion at 75 μA. The corresponding false color plots are shown in e-g. Figure h depicts the 

percent increase in fluorescence intensity for TR3 (•) and Ru(bpy)32+ (◼ ) at 75 μA and 0 μA ( ○ for TR3, ☐ for 

Ru(bpy)32+). The error bars represent the SEM of n = 3 replicates for Texas Red and n = 4 replicates for 

Ru(bpy)32+. 

Fig 31a illustrates the brightfield image of the EOP-MD probe positioned in the gel. Prior 

to current flow, there is no apparent fluorescence (Fig 31b). After five minutes of perfusion, Fig 

31c, there a is detectable increase in fluorescence in the hydrogel. Transport of the dye through the 

gel is biased towards the MD probe. This is especially clear in the false color plots (Fig 31e-g). 
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The highest concentration of dye (red) is confined between the EOP tip and the MD probe. This 

indicates that the dye is being carried by the EO flow from the perfusion tip, through the hydrogel, 

and to the MD probe.  

To illustrate the ability of EOP to move molecules of various sizes and charges, we repeated 

the experiments described above with Ru(bpy)3
2+, a cationic dye with a formula weight of 748.63 

g/ mol (images not shown). We compared the percent increase in fluorescence over the entire 

image over time (Fig 31h). For both dyes we saw an increase in fluorescence intensity over the 

EOP sampling time. Ru(bpy)3
2+ had a lower increase in fluorescence compared to TR3. Ru(bpy)3

2+ 

is smaller, and cationic, in contrast to the larger and neutral TR3. Thus, it likely crosses the MD 

membrane more readily than the larger TR3. For both dyes we saw a minor increase in 

fluorescence after 60 minutes in the absence of current. This is due to diffusion. We see slightly 

more diffusion for Ru(bpy)3
2+ compared to TR3, as we would expect due to the smaller size of 

Ru(bpy)3
2+.  
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4.2.3  Assessing Mass Transport with yaGfl 

 

Figure 32 (a) Concentration of leu-enkephalin (LE, red diagonal lines) and yaGfl (purple diagonal lines) in 

dialysate during the electroosmotic perfusion of 10 µM LE and yaGfl into a hydrogel at 15 µA and 30 µA using 

the EOP-MD device. The concentration of yaGfl in the dialysate in vivo (solid purple bar) is compared to that 

obtained in vitro (from Fig 32a) in (b). Fig 4c depicts the concentrations of GGFL (solid blue bar), LE (solid 

red bar), and yaGfl measured in the dialysate in in vivo experiments. ‘NS’ indicates that the values shown 

under the bar were not significantly different as determined by ANOVA (p > 0.05) with post hoc Tukey test. 

The single asterisk (*) and double asterisk (**) represent p < 0.05 and p < 0.01, respectively. The error bars 

indicate the SEM for n = 3 replicates for in vitro data and n = 4 replicates for in vivo data. 

In the assessment of enzymatic degradation of a peptide traversing the extracellular space, 

it is helpful to have an internal standard representing what would be observed in the absence of 
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enzymatic activity. Therefore, we use yaGfl as an internal transport standard. It is similar in size 

to LE and has not shown any measurable hydrolysis in the tissue in work with OHSCs.139-140, 148, 

151 We assessed its suitability for use with our EOP-MD device in vitro and in vivo., We performed 

an in vitro experiment in which we perfused a solution of 10 µM LE and yaGfl into a hydrogel 

and measured the concentrations of the recovered peptides in the dialysate at multiple currents. 

The range of currents was appropriate for in vivo use. They were lower than that shown in Fig. 31 

and in the range of those dictated by our previous work done at approximately the same spatial 

resolution151 and consistent with conditions that minimize cell death305.  As seen in Fig 32a, for 

both currents used, there was no significant difference between the concentrations of LE and yaGfl 

in the dialysate. This confirms that yaGfl is a suitable standard for assessing mass transport in the 

absence of hydrolysis and can be used as an estimate of the initial substrate concentration. To 

further validate our use of yaGfl as a mass transport standard, we repeated the experiment in vivo 

in an anesthetized rat. There was no statistical difference (p < 0.05) between the yaGfl 

concentrations in the dialysate in vivo compared to in vitro (Fig 32b). Since there is no hydrolysis 

in the hydrogel and no difference between the yaGfl recoveries in the gel and the tissue, we can 

confirm that there is no significant uptake or hydrolysis of the internal standard in the tissue.  

4.2.4  Effect of Current In Vivo 

An important distinction of EOP-MD compared to other in vivo sampling techniques is the 

ability to control solute velocity and thus residence time. This is achieved by changing the 

magnitude of the applied current. To demonstrate this effect, we performed an in vivo experiment 

in which we perfused a peptide solution with the same concentration as was used in vitro (10 µM 

LE and yaGfl). We observed a statistically significant increase in the dialysate concentration of 
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yaGfl from 5 µA to 15 µA (p < 0.01) as well as from 15 µA to 30 µA (p < 0.05) (Fig 32C). This 

increase is due to higher solute velocity at higher currents leading to a larger volume containing 

substrate at steady state287. There was also a statistically significant difference between [LE] in the 

dialysate compared to [yaGfl] at each current. We attribute this difference to LE hydrolysis. 

Accordingly, the product GGFL was also detected in the dialysate.  

We can calculate a steady-state collection efficiency based on the ratio of the mass flow 

rate (mole/s) of yaGfl out of the microdialysis probe to the same quantity infused by electroosmotic 

flow. Note that the mass flow rate is just the concentration multiplied by the volume flow rate of 

the solution. Given the electroosmotic mobility and conductivity of the extracellular fluid in brain, 

the ratio of electroosmotic flow rate to current is 1.45x10-8 m3/A*s in SI units and 0.87 nL/min per 

µA in more practical terms148, 287. The flux into the brain is the product of this flow rate (at a 

particular current) and the concentration of yaGfl in the source. The volume flow rate in the 

microdialysis probe exit is set and the concentration of yaGfl is determined by LC-MS. Fig 33 

shows the ratios of the mass-flow rate out of the MD probe to the mass-flow rate infused. For 

yaGfl, the increase is not linear. This is because the solute electroosmotic velocity is relatively 

low, so diffusion also contributes significantly to mass flux in the tissue, and more so for lower 

currents287. The reactive LE, on the other hand, demonstrated the effect of a longer residence time 

in the tissue causing a greater extent of hydrolysis. In order to have the dynamic range to reliably 

detect changes in both LE and GGFL, we used the intermediate current, 15 µA, for subsequent 

inhibitor experiments.  
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Figure 33 Effect of current on collection efficiency in vivo for LE (• ) and yaGfl (• ). The collection efficiency 

was calculated by dividing the moles per minute perfused (measured by LC-MS2) divided by the moles per 

minute collected at the MD probe (based on laboratory concentrations). The error bars represent the SEM for 

n = 3 replicates. 

4.2.5  LE Hydrolysis in the Presence and Absence of HFI-419 

Our goal was to determine if we could observe an effect of HFI-41966, a specific IRAP 

inhibitor, on the hydrolysis of LE. To be consistent with our EOP-MD experiments described 

above, we perfused 10 µM LE and yaGfl in the presence and absence of 10, 25, and 50 µM HFI-

419. The product, GGFL is itself subject to hydrolysis by ectopeptidases. Thus, we use as a 

measure of the extent of reaction the loss of substrate as a ratio to initial substrate concentration, 

([S0]-[S]) / [S0]. Recall that the initial substrate concentration is taken to be the concentration of 

the internal standard, yaGfl. Fig 34 is a plot of the resulting data. We observed a statistically 

significant (p < 0.01) decrease in product formation at 25 µM and 50 µM inhibitor concentrations 

compared to perfusing the substrate in the absence of inhibitor (0 µM).  
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Figure 34 Effect of HFI-419 concentration on product formation. Statistical significance was determined using 

ANOVA followed by a Tukey test. The single asterisk (*) indicates p<0.05 and the double asterisk (**) indicates 

p<0.01. ‘NS’ indicates the differences were not significant (p>0.05). The error bars indicate the SEM of n = 9 

replicates for 0 µM inhibitor (3 replicates from each rat) and n = 3 replicates for the 10, 25, and 50 µM inhibitor 

concentrations. 

4.3 Discussion 

4.3.1  Using yaGfl as a Mass Transport Standard 

To determine the relative amount of peptide substrate that is hydrolyzed in the tissue, we 

must know the initial substrate concentration. The laboratory concentration of the substrate in the 

source probe is known but becomes lower due to dilution upon introduction to the tissue.148 Thus, 
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we do not know the concentration of the substrate in the tissue through which we are sampling. A 

standard that has similar diffusion characteristics as the substrate but is resistant to hydrolysis is 

necessary as a surrogate for the bioactive peptide. We use this to infer the amount of substrate that 

would have been recovered in the absence of hydrolysis.  

Fig 32 shows that the collected yaGfl concentration was similar to that of LE in vitro. Thus, 

yaGfl has similar electroosmotic transport through the hydrogel as LE and can be used as a mass 

transport standard. The concentration of yaGfl collected in the in vivo experiments was not 

significantly different from that in the in vitro experiment, suggesting that yaGfl is not hydrolyzed 

to a measurable extent in the tissue. We can use the collected yaGfl levels as a substitute for the 

concentration of LE that would be recovered in the absence of hydrolysis.  

The concentrations of LE and yaGfl in Fig 32c are significantly different at each current 

used in vivo. We attribute this difference to LE hydrolysis in the tissue. Accordingly, we detected 

the major product, GGFL. The sum of the concentrations of LE and GGFL do not equal that of 

yaGfl, suggesting that GGFL is further hydrolyzed.  

4.3.2  Solute Collection Efficiency Depends on Current 

Fig 33 shows increasing collection efficiency with decreasing current for the internal 

standard yaGfl. We can make qualitative observations about solute transport with EOP-MD using 

this plot. The fluorescence experiments shown in Fig 31 suggest that solute is transported around 

the MD probe due to low membrane permeability. The MD probe is not a perfect sink for solute. 

Thus, collection efficiency is dictated both by electroosmotic transport through the tissue and 

transport processes within the MD probe. Simulations of our two-probe EOPPP work in tissue 

cultures showed that, with similar current to that used here, solute transport is both by 
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electroosmosis and diffusion.148 Increased currents resulted in increased recovery of analyte due 

to a greater contribution of convection compared to diffusion.148 Fluid flow through the MD probe 

adds additional transport processes that result in the collection efficiency trend that we observed 

with EOP-MD.  

Fluid flow through the MD probe augments the diffusion-dominated mass transport, not 

by pushing solute where it needs to go, but by replenishing the solute within the diffusion layer in 

the fluid near the inner membrane wall.131 Increasing the flow velocity through the MD probe 

increases mass transport by a power less than one. 131 The flow velocity through the probe also 

controls the residence time of the solute in the membrane area of the probe. This time is linearly 

related to flow rate.131, 306   The result is that the total mass collected within the probe per unit 

time decreases per unit time. It increases by a fractional power due to faster mass transport but 

decreases by the power -1 due to the residence time.306 For a steady concentration outside the 

probe, the collection efficiency decreases with increasing flow rate.  

The combination of solute transport through the tissue and the MD probe results in the 

observed changes in yaGfl collection efficiency with changing current. For LE, we observed 

decreasing collection efficiency with decreasing current. This is due to lower solute velocity 

through the tissue at lower currents and thus higher residence time.  In-depth simulations are 

required to quantitatively understand the relationship between current and collection efficiency.  

Qualitatively, we can use Fig 33 to determine the appropriate current to use for a particular 

application. The optimum current depends on the application. We chose to perfuse substrate using 

15 µA. In our case of looking at enzyme inhibition, we expect an increase in substrate 

concentration. Thus, low substrate recoveries as a result of a low current are not detrimental. In 

observing at a process that would decrease the substrate concentration, such as upregulation of the 
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ectopeptidase, a higher current, and thus higher substrate recovery, would be beneficial so that a 

decrease could be detected.  

At 15 µA the sum of the concentrations of LE and GGFL was less than the concentration 

of yaGfl (Fig 32c). This suggests that GGFL is further hydrolyzed in the tissue. For this reason, 

we cannot make conclusions about product formation based on measured GGFL levels. By 

subtracting the ratio of hydrolyzed substrate ([LE] = [S]) to substrate concentration in the absence 

of hydrolysis ([yaGfl] = [S0]) from 1, we have a measure of the concentration of product formed 

from LE hydrolysis ([P]).  

4.3.3  Observing Changes in LE Hydrolysis in the Extracellular Space 

To demonstrate the utility of the dual probe EOP-MD technique, we perfused the tissue in 

the presence and absence of the IRAP inhibitor HFI-419 within the same rat. Initially, we perfused 

the inhibitor at a concentration of 50 µM and, as shown in Fig 33, we observed a statistically 

significant (p < 0.01) decrease in product formation at that concentration compared to perfusing 

the same concentration of substrate without inhibitor. This shows that we can sample the tissue 

under two different conditions (with and without inhibitor in our case) and observe differing effects 

as a result. We then wanted to see if the EOP-MD technique is sensitive to changes in inhibitor 

concentration, so we repeated the experiment at 10 µM and 25 µM inhibitor concentrations. The 

results in Fig 33 show that our technique is capable of detecting differences in product formation 

with different inhibitor concentrations. More replicates and a wider range of inhibitor 

concentrations would be required to draw biological conclusions pertaining to IRAP activity in 

this region, but these results demonstrate that EOP-MD could be used to gain insight into this 
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ectopeptidase with further studies. This technique could also be used with a variety of inhibitors 

as well as other exogenous substances for the study of ectopeptidases.  

4.3.4  Tissue Perturbation with EOP-MD 

Though the purpose of this study was primarily technical and not biological in nature, it is 

important to assess the extent of tissue perturbation when sampling the extracellular space. Prior 

work in our lab has shown that electric fields used in this work should result in minimal cell death 

284, 305 and we did not observe any visible defects in the tissue post-mortem, aside from the probe 

track (Fig S36). Electric fields have been used in the brain in other in vivo work, such as to guide 

stem cells307 and deliver drugs electrokinetically304. Fekete, et al. performed iontophoretic 

injections of a biotinylated dextran amine tracer using 3-5 µA pulses and recorded neural activity 

with an integrated microelectrode array.308  They found that tissue damage appeared to occur from 

insertion of the probe itself but delivery of the tracer was not affected by this.  

A histological study assessing damage from pressure-driven low-flow push-pull perfusion 

at 50 nL/ min saw 20-30% of cell damage surrounding the probe 309 compared to 10% seen in our 

past EOPPP histological work 305. Based on the applied current of 15 µA used in this work, the 

electroosmotic flow rate was calculated to be approximately 9 nL/ min. 148 Nonetheless, a rigorous 

assessment of tissue damage resulting from this EOP-MD technique is necessary to fully 

understand it’s effect on sampling and for comparison to other techniques.  
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4.4 Conclusion 

We have developed a sampling method known as EOP-MD that allows quantitative study 

of ectopeptidases in vivo using natural substrates. To our knowledge, this is the first report of such 

a technique. We have described the development of this technique and demonstrated that it is 

capable of measuring dose-dependent changes in LE hydrolysis with the IRAP inhibitor HFI-419. 

Simulations of solute transport and histological studies assessing tissue damage as a result of this 

technique will aid in the application of EOP-MD for biological studies concerning ectopeptidase 

activity.   

4.5 Methods 

4.5.1  Direct Laser Writing 

The perfusion probe consisted of three main parts: two inlet ports through which capillaries 

are inserted, two outlet ports through which fluid exits the probe, and a tube for microdialysis 

probe mounting and alignment. The overall dimensions of the probe were 2023 µm (W) x 1015 

µm (L) x 3650 µm (H). The inlet ports were 150 µm in diameter and the outlet ports were 50 µm 

in diameter. The narrow shaft of the probe (containing the outlet ports) was 150 µm wide and 850 

µm long. The microdialysis probe holder had a diameter of 310 µm. 

The pattern for perfusion probe was designed in Solidworks and printed by 3D direct laser 

writer (Nanoscribe Photonic Professional, GT) with IP-S photopolymetric resist. The printing was 

done through two-photon polymerization of IP-S resist by a femtosecond pulsed laser at 780 nm. 
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The Nanoscribe direct laser writer uses a Gaussian laser beam and a unique deep-in-liquid mode 

to print large-height patterns, as well as minimize optical aberration.  

To fabricate the perfusion probe, the 3D model of the pattern was saved in STL file then 

converted into GWL (General Writing Lithography) file through DeScribe conversion software. 

During file conversion, the pattern was sliced and hatched, with a slicing distance of 1 µm and a 

hatching distance of 0.5 µm. The pattern was hatched with the shell and scaffold mode which 

creates a hollow structure to reduce the printing time significantly. Subsequently, the whole pattern 

was split into blocks of 220 μm × 220 μm × 200 μm, with a stitching overlap of 2μm. After 

conversion, the GWL file was loaded into the printing software, Nanowrite, for printing. In the 

printing, a 25x objective lens and ITO-coated glass substrate were used. The laser power was set 

to 100 mW and writing speed was set to 100 mm/s.  

After printing was done, the structure was developed in a propylene glycol monomethyl 

ether acetate (PGMEA) bath overnight to wash out unpolymerized photoresist in the channels 

inside the structure. After the structure was naturally dried in the air, it was placed under UV lamp 

for 30 min with 16 mW/cm2 intensity. This polymerizes the photoresist trapped in the 

shell/scaffold structure to make the whole structure more rigid and robust.  

To inspect the printed structure, it was sputter-coated with about 10 nm AuPd for scanning 

electron microscopy (SEM).  

4.5.2  EOP-MD Probe Assembly 

The steps of the EOP-MD probe assembly are shown in Figure 37. Prior to assembly (Fig 

37a), the EOP tip was fixed to a piece of tape using a small dot of 5-minute epoxy (Devcon, 

Danvers, MA). This permitted handling of the tip during assembly and allowed easy removal from 
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the tape once finished. Two sections of 75 µm ID x 150 µm OD capillary (Polymicro) were cut, 

each 1 cm in length. Each capillary was then pushed into one of the channels of the EOP tip until 

it could go no further (Fig 37b). Then, a 15 cm length of 200 µm ID x 360 µm OD capillary was 

threaded over the top of the 75 µm ID capillary to a distance approximately 0.5 cm from the start 

of the EOP tip, leaving a 0.5 cm portion of the 75 µm ID capillary exposed. A drop of 2-ton epoxy 

(Devcon) was placed onto the exposed portion of the 75 µm ID capillary and the 200 µm ID 

capillary was immediately pushed over the glue and into the EOP probe channel. The EOP probe 

channel is tapered so that the 200 µm ID capillary can only advance 1 mm into the channel. 

Applying the glue in this way serves to seal the junction between the 75 µm ID capillary and the 

200 µm ID capillary and to seal the area between the 200 µm ID capillary and the channel of the 

EOP tip. Attaching the 200 µm ID/ 360 µm OD capillary to the 75 µm ID/ 150 µm OD capillary 

allows easier handling, as the 75 µm ID/ 150 µm OD capillary is rather fragile. This allows easy 

assembly with the Nafion tubing. After the epoxy has cured completely, each channel is tested for 

leaks by flushing the capillaries with water via a syringe.  

Microdialysis probes were assembled by first cutting two 5-cm lengths of 40 µm ID/ 100 

µm OD fused silica capillary (Polymicro). The capillaries were placed side-by-side with the ends 

staggered by 1 mm. The “longer” end was the microdialysis outlet while the “shorter” end was the 

inlet. A 13 kDa Spectra/ Por hollow fiber microdialysis membrane (Spectrum, Los Angeles, CA) 

3 mm in length was then placed over the two capillaries and the open end of the membrane sealed 

with 2-ton epoxy. After the epoxy was completely cured, the membrane was pushed down so that 

it was as close to the outlet capillary as possible without touching it. The probe was then threaded 

through the 250 µm tube integrated on the EOP tip. The membrane was sealed around the 

capillaries by placing a drop of epoxy at the end of the tube furthest from the tip. This also served 
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to fix the microdialysis probe in position, approximately 100 µm from the EOP tip. The probe was 

positioned so that the inlet capillary was closest to the EOP tip.  

Nafion tubing was used to allow the movement of ions through the channels of the EOP 

tip, into the tissue or hydrogel, and to the microdialysis probes. An 8-cm length of 200 µm ID/ 360 

µm OD capillary was threaded approximately 0.5 cm into one end of a 2-cm length of a 0.014 (± 

0.002, tolerance) in. ID x 0.021 (± 0.003, tolerance) in. OD Nafion tubing (Perma Pure, Lakewood, 

NJ). A 5-cm length of 200 µm ID capillary was threaded in the same way on the other end. Both 

Nafion-capillary junctions were sealed with 2-ton epoxy and cured overnight. A small hole was 

punctured in the bottom of a 3-cm plastic centrifuge tube (Fisher) and the capillary was threaded 

through the tube until the tube was surrounding the Nafion membrane with the 5-cm length 

capillary at the bottom of the tube. The area between the tube and the capillary was then sealed 

with epoxy. The 8-cm length of capillary was connected to a channel on the EOP tip using a PTFE 

sleeve while the distal end of the capillary-Nafion apparatus was placed through a hole in the top 

of a microcentrifuge tube (Fisher). This tube acted as the sample reservoir and also had a hole in 

the bottom of the tube through which a 1-cm length of polyethylene tubing (0.38 mm ID x 1.09 

mm OD, Becton Dickinson, Sparks, MD) was threaded. Each channel of the EOP tip was 

connected to a separate Nafion apparatus.  

4.5.3  Electroosmotic Perfusion 

To fill the channels, an insulin syringe (Becton Dickinson) was filled with the perfusion 

solution and inserted into the polyethylene tubing contained in the sample reservoir. The capillary 

corresponding to a particular channel was threaded into the other end of the polyethylene tubing 
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and the microcentrifuge tube filled with the remaining perfusion solution using a pipette. The 

channel was filled with the insulin syringe until several drops were observed coming out of the 

EOP tip. At that point, the distal end of the capillary (furthest from the animal) was removed from 

the polyethylene tubing, followed by the syringe. This ensured that the end of the capillary 

remained in contact with the perfusion solution at all times and prevented bubbles from entering 

the system.  

After each channel was filled with the desired solution, each centrifuge tube surrounding 

the Nafion was filled with the modified Ringer’s solution. The inlet of the microdialysis probe was 

also connected to a Nafion apparatus and the centrifuge tube contained on it was similarly filled. 

To perfuse the solution of a particular channel, a silver electrode was placed in that channel’s 

centrifuge tube surrounding the Nafion. The electrode was connected to the positive terminal of 

the high voltage power supply via an alligator clip. A silver electrode was also connected to the 

negative terminal and placed in the centrifuge tube contained on the inlet of the microdialysis 

probe. The desired current was set on the power supply and the voltage continually adjusted to 

maintain that current. A schematic of the sampling procedure in the context of a rat can be found 

in Figure 30.  

4.5.4  Hydrogels 

Hydrogel pieces were synthesized as previously described by Faraji et al.303 

Poly(acrylamide-co-acrylic acid) hydrogels were prepared by a thermally-initiated radical 

polymerization reaction. The gel had an acrylic acid percentage of 25%; weight of acrylic acid 

(69.0 mg)/weight of all monomer species (206.0mg). The bisacrylamide cross-linker was 

maintained at a fixed weight percentage of approximately 1.4% (4.0mg). Reagents were weighed 
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and dissolved in 4.5 mL of ultrapure water (Cayman Chemical, Ann Arbor, MI) and stirred for 5 

minutes. The pH was adjusted to a range between 7-8 using 1 M NaOH solution. Ultra-pure water 

was used to adjust the final volume to 5 ml. The solutions were then deaerated with nitrogen for 

20 minutes at room temperature and 5.0 mg of ammonium persulfate (0.02 mmol) and 5.2 μL of 

tetramethylethylenediamine (TEMED, 0.03 mmol) were added to each solution. After vigorously 

stirring at room temperature, the solution was poured in a 50 mm x 16 mm Pyrex glass dishes and 

placed inside an oven at 100 ± 5 °C for 2 hours. The Pyrex dishes were removed from the oven 

and allowed to cool for 10 minutes. Next, each gel was individually placed in a covered plastic 

dish filled with approximately 25 mL Glucose Free-Hank’s Balanced Salt Solution (GF-HBSS) 

solution and shaken lightly at 10°C overnight. The buffer solution was exchanged the following 

day with fresh GF-HBSS, placed back in the shaker at 10 °C for another 24 hours. To end, the GF-

HBSS was exchanged once more, and the gels were placed in the refrigerator to complete the 

equilibration. The pH was checked to assure the gels were pH 7.40.  

4.5.5  Fluorescent Dyes 

To observe EOP of fluorescent dyes in vitro, a 3 kDa dextran Texas Red dye (Molecular 

Probes, Eugene, OR) was prepared at a concentration of 166 µM in Modified Ringer’s. A 1 mM 

tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (abbreviated Ru(bpy)3
2+, Aldrich, 

Milwaukee, WI) solution in Modified Ringer’s was also used. The Modified Ringer’s solution 

consisted of 148 mM NaCl (EMD-Millipore, Darmstadt, Germany), 2.7 mM KCl (Sigma-Aldrich), 

and 0.85 mM MgCl2 (Fisher Scientific) adjusted to a pH of 7.4. All dye solutions were filtered 

with a 0.20 µm PES syringe filter (Corning Inc., Corning, NY) prior to use.  
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4.5.6  Fluorescent Studies 

All fluorescent studies were conducted using an Olympus IX-81 fluorescent microscope 

equipped with an inverted stage and an ORCA-ER high-resolution charged-coupled device 

camera. The MetaMorph 7.6.2.0 software (MDS Analytical Technologies, Sunnyvale, CA) was 

used to capture the images along with an Olympus 4x objective lens. Images were analyzed using 

NIS Elements Advanced Research software version 4.0 (Nikon Instruments, Inc.). The threshold 

function within the NIS Elements software was used to remove the background then the percent 

fluorescence of the image was recorded. Surface intensity plots were also generated using the NIS 

Elements software, where intensities range from 0 (black) to 365 (white).  

To conduct the fluorescent experiments, a small section of hydrogel (approximately 2 cm 

x 2 cm x 5 mm thick) was placed on the microscope stage and the EOP-MD tip was inserted about 

1 mm into the hydrogel. The tip was inserted at an angle to minimize the impact of the background 

fluorescence of the tip. The desired current was induced using a Stanford Research Systems model 

PS350 high-voltage source in which the positive terminal was connected to a silver wire placed in 

the buffer surrounding the Nafion on the EOP capillary using an alligator clip and the negative 

terminal was connected to the MD probe in the same way. The power supply was operated by 

specifying the desired current and the applied voltage was continually adjusted to achieve that 

current. Each dye was perfused for 1 hour and images were acquired every 5 minutes. The 

emission/ excitation wavelengths for each dye were 535/ 610 for Texas Red and 475/ 602 for 

Ru(bpy)3
2+. Only one channel of the EOP-MD probe contained dye at a time due to overlapping 

wavelengths between Texas Red and Ru(bpy)3
2+.  
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4.5.7  Offline Labeling 

To minimize analysis time, heavy peptide standards were prepared using an offline 

dimethylation procedure described previously310 with a few modifications. Stock solutions of LE 

(American Peptide, Sunnyvale, CA), GGFL (American Peptide), yaGfl (GL Biochem, Shanghai, 

China), and yasfl (Shanghai Royobiotech, Shanghai, China) were prepared by diluting each solid 

to a concentration of 1 mM in water purified using a Millipore Milli-Q Synthesis A10 filtration 

system (Billerca, MA). Serial dilutions were then performed until a concentration of 5.3 nM was 

obtained for each peptide. An aliquot of 49.6 µL of each peptide was then added to an autosampler 

vial (Thermo Scientific, Rockwood, TN) along with 2 µL of glacial acetic acid (Fisher Chemical, 

Fair Lawn, NJ). Multiple vials were prepared simultaneously then frozen at -20 °C until needed. 

On the day of an experiment, a vial was thawed and a volume of 8 µL of 4% formaldehyde-d2 

(Sigma-Aldrich, St. Louis, MO) was added and the mixture vortexed. Next, 8 µL of 600 mM 

sodium cyanoborohydride (Sigma-Aldrich) was added to the autosampler vial, vortexed, and 

allowed to react for 5 minutes. The reaction was then quenched with the addition of 32 µL of 1% 

ammonium hydroxide (Sigma-Aldrich), vortexed again, and allowed to react for 1 minute. Finally, 

16 µL of 5% formic acid (Sigma-Aldrich) was added to the autosampler vial, after which the 

mixture was vortexed a final time and placed in the refrigerated autosampler at 5 °C. The final 

concentration of each peptide in the sample was approximately 1 nM.  



 111 

4.5.8  Online Labeling 

Primary amines in the dialysate were “light” labeled using an on-column procedure 

described previously.97 Briefly, at the start of each analysis, 1.1 µL of the heavy labeled standard 

(prepared as described in the previous section) was injected onto the column via the autosampler. 

Next, 1.1 µL of dialysate was injected onto the column via the “sample valve” housed in the LC 

oven. The light labeling reagent, consisting of 350 µL of triethylammonium acetate (100 mM 

triethyl amine (Sigma-Aldrich) titrated with 100 mM acetic acid to a pH of 7.4), 3.50 µL of 0.6 M 

sodium cyanoborohydride, and 3.50 µL of 4% formaldehyde (J. T. Baker, Phillipsburg, NJ), was 

then injected onto the column followed by 5% formic acid. Each reagent was injected at a volume 

of 1.1 µL.  

4.5.9  HPLC Instrumentation 

The cLC separation was achieved using a Dionex Ultimate 3000 HPLC system (NCS-

3500RS, Thermo Scientific, Germering, Germany), which consisted of a low-flow loading pump, 

a high-pressure analytical pump fitted with a nanoflow selector, and a column oven in which a 10-

port Cheminert high-pressure 1/16 in. valve (VICI, Valco, Houston, TX) was housed. The column 

oven valve was fitted with a 1.1 µL sample loop through which dialysate was collected and 

injected. The Dionex WPS-3000 RS autosampler was used for heavy standard and reagent 

injections at a volume of 1.1 µL. The autosampler was maintained at 5 °C.  
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4.5.10  Chromatography Columns 

Reversed phase capillary columns were packed in-house as described previously152. 

Briefly, a 20-cm length of 50 µm ID fused silica capillary (Polymicro, Phoenix, AZ) was fritted 

by sintering 2 µm borosilicate spheres (Thermo Scientific, Fremont, CA) in one end of the capillary 

using an electrical arc.  A 65 mg/ mL slurry of Acquity 5 µm BEH C18 particles (Waters, Milford, 

MA) was prepared in isopropanol (Fisher Chemical) and packed into the capillary at 18000 PSI 

using methanol as the packing solvent. The column was trimmed to 15 cm and connected to a 25 

µm ID x 15 cm length of fused silica capillary (Polymicro) via a liquid junction tee (Idex, Oak 

Harbor, WA). The 25 µm ID capillary was then connected to a 6-port 1/16 in. Cheminert high-

pressure valve (VICI, Valco) that was housed on the MS stage. The valve was plumbed so that 

flow could be directed through the capillary and into the column from either the loading pump 

(during labeling) or the analytical pump (during elution). The column was housed on a resistive 

heater held at 50 °C. The fritted end of the column was connected to a fused silica PicoTip emitter 

(New Objective, Woburn, MA) with a tip ID of approximately 10 µm via a PTFE sleeve.  

4.5.11  Mobile Phases 

The loading pump solvent consisted of 0.5% acetic acid, 2% Optima LC-MS grade 

methanol (Fisher Chemical, Fair Lawn, NJ), and 97.5% Optima LC-MS grade water (Fisher 

Chemical) mixed v/v. For the analytical pump, channel A contained 0.5% acetic acid in water 

while channel B consisted of 0.5% acetic acid in methanol. All solvents were used as received 

from the manufacturer.  
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4.5.12  Chromatography 

The dialysate sample and labeling reagents were delivered onto the column using the 

loading pump (containing 0.5% acetic acid/ 2% methanol/ 97.5% water) at a flow rate of 1 µL/ 

min. After the labeling steps were completed, a valve was switched, and 45% B was delivered onto 

the column via the analytical pump at 0.5 µL/min. This effectively created a step gradient. This 

mobile phase composition was maintained for 5.5 minutes, after which it was increased to 85% B 

(nominally in 0.1 minutes) for 0.2 minutes to elute highly hydrophobic contaminants then 

decreased to 2% B (in 0.1 minutes) to allow the column to re-equilibrate for 1 minute prior to the 

start of the next run. The analysis time for a single run including labeling steps was 19 minutes. 

To prevent build-up of salts and contaminants on the MS inlet, the column was manually moved 

out of line with the inlet using the micromanipulators equipped on the MS stage then placed back 

in line with the inlet immediately prior to the elution step.  

4.5.13  Mass Spectrometry 

LC-MS2 analysis was performed using positive ion mode nanospray ionization with an 

LTQ XL linear ion trap mass spectrometer (Thermo Scientific). A spray voltage of 2.3 kV was 

applied at the head of the column via the liquid junction tee. MS2 was performed using collision 

induced dissociation with a normalized collision energy of 35 and an activation time of 30 ms. 

Precursor and daughter ions were chosen based on a method described previously and were 

analyzed in the same way97. The ions used for MS2 fragmentation and extracted ion 

chromatograms can be found in Table 10. To confirm that the method was capable of detecting 

relevant concentrations of peptides, we constructed a calibration curve (Fig 35) using a serial 
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dilution of peptide standards in Modified Ringer’s from 6.25 nM to 0.019 nM. Based on the 

standard deviation of replicates (n = 3) for the lowest concentration used and the slope of the 

calibration curve (Table 11), it was determined that the detection limit was approximately 3.2 ± 

0.1 pM for yaGfl, 7.2 ± 0.8 pM for LE, and 22 ± 3 pM for GGFL.  

4.5.14  Animal Surgeries 

All procedures involving animals were approved by the Institutional Animal Care and Use 

of Committee of the University of Pittsburgh. Male Sprague-Dawley rats (250-350 g, Hilltop, 

Scottsdale, PA) were anesthetized with isoflurane (5% induction, 2.5% maintenance), placed in a 

stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) and adjusted to flat skull for probe 

insertion. The incisor bar was adjusted so the dorsal ventral measurements at lambda and bregma 

were no more than 0.01 mm apart. Rats were wrapped in a heating blanket (37°C) and placed in a 

stereotaxic frame. A small craniotomy was made over the PFC. Probes were lowered slowly (10 

µm/sec) into the PFC (2.3 mm anterior and 3.0 mm lateral from bregma) to final position of 3 mm 

below dura. Aseptic technique was used throughout.  

4.5.15  In Vivo Sampling 

The EOP-MD probe was soaked in 70% ethanol (Decon, King of Prussia, PA) for 20 

minutes. A solution of 100 nM yasfl in Modified Ringer’s was then perfused through the 

microdialysis probe at a flow rate of 0.5 µL/ min using a Harvard Apparatus PHD 4400 

programmable syringe pump (Holliston, MA). The inclusion of yasfl in the perfusate served as a 

control to ensure the MD probes were working as expected.97 One channel of the EOP portion of 
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the probe was filled with a solution of 10 µM LE and yaGfl in Modified Ringer’s while the other 

channel was filled with a Modified Ringer’s solution also containing 10 µM LE and yaGfl as well 

as the HFI-419 IRAP inhibitor (a gift from Dr. Philip Thompson at Monash University). The HFI-

419 concentration (10, 25, and 50 µM) was varied between each rat (n = 3). To check for the 

presence of bubbles, the probe was lowered into a 1-dram vial containing Modified Ringer’s and 

current was applied for 5 minutes for each channel. Absence of current as voltage is applied is 

indicative of a bubble. Once it was apparent that the current was sufficiently stable, the current 

was turned off and the probe lowered into the PFC. Flow was continuous through the microdialysis 

probe during insertion. After 1.5 hours, the current from the high voltage power supply was 

induced and sampling of the peptide solution not containing inhibitor began. The waiting period 

was necessary to achieve steady-state between the tissue and the microdialysis probe as well as a 

stable baseline. Sampling occurred for 35 minutes prior to the first injection and was continuous 

for 2 hours after which the current was stopped, and the electrode moved to the second (peptide + 

inhibitor) channel. Current was then applied for another 2 hours, after which the electrode was 

moved back to the peptide channel. Sampling then continued for another hour.  

4.5.16  Data Analysis 

For each rat, 6 baseline measurements (no inhibitor) were recorded followed by 6 

measurements in the presence of inhibitor (at either 10, 25, or 50 µM). The final 3 measurements 

for each condition (with or without inhibitor) were used for analysis. The relative area for each 

peptide was determined by taking the peak area of the light peptide (from dialysate) and dividing 

it by the peak area of the 1 nM heavy peptide standard. The relative area was then converted to a 
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concentration using the regression in Table 11. Data were analyzed using Minitab Express (State 

College, PA). Significance was determined using one-way ANOVA followed by Tukey tests.  

4.6 Supporting Information for Electroosmotic Perfusion-Microdialysis 

Table 10 Selected Ions for Fragmentation and Quantitation of Neuropeptides 

 aIsolation widths were 3 m/z 
bTolerance was ± 0.5 m/z 

Peptide Abbreviation Precursor m/za Daughter m/zb 

Dimethyl GGFL Light GGFL 421.20 143 + 290 
2H4 Dimethyl GGFL Heavy GGFL 425.20 147 + 294 

Dimethyl LE Light LE 584.30 425 + 453 
2H4 Dimethyl LE Heavy LE 588.30 429 + 457 
Dimethyl yaGfl Light yaGfl 598.30 439 + 467 

2H4 Dimethyl yaGfl Heavy yaGfl 602.30 443 + 471 
Dimethyl yasfl Light yasfl 628.30 479 + 497 

2H4 Dimethyl yasfl Heavy yasfl 632.30 483 + 501 
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Figure 35 Calibration curve obtained using a serial dilution of GGFL (black circles), LE (red squares), and 

yaGfl (blue triangles) in Modified Ringer’s. The relative area refers to the area of the light-labeled standard 

prepared in varying concentrations divided by that of the heavy-labeled standard (1 nM). Error bars represent 

the SEM of n = 3 replicates. 

 

Table 11 Regression Statistics for Figure 35 

aUnitless 

Peptide Slope ± SEM (nM-1) Intercept ± SEMa 
GGFL 0.94 ± 0.04 0.1 ± 0.1 
LE 0.846 ± 0.008 0.05 ± 0.02 
yaGfl 0.911 ± 0.005 0.00 ± 0.01 
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Figure 36 Localization of microdialysis probes in the rat brain. (A) Representative microdialysis probe track. 

(B) Schematic reconstructions of positions of the electroosmotic perfusion – microdialysis (EOP-MD) probe in 

the rat brain. One millimeter coronal slices demonstrate that microdialysis membranes are located in the PFC 

region. Arrow represents the probe location. The red color represents the active area of the probe. 

 

 

Figure 37 EOP-MD probe assembly. Fig 37a depicts the probe following printing. It is temporarily affixed to a 

piece of tape using epoxy so that the 150 µm OD/ 75 µm ID capillaries could be inserted into each channel (Fig 

37b). The MD probe is then inserted through the integrated microdialysis probe holder. Fig 37c depicts the 

assembled EOP-MD probe looking down from the MD probe and Fig 37d shows the space between the EOP 

tip and the MD probe. For more details see the Methods section.  
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5.0 Concluding Remarks 

This dissertation described the development of analytical tools for quantitatively studying 

the fate of neuropeptides in the extracellular space. We have approached the challenges of studying 

neuropeptides in vivo, including low analyte concentration and sample loss upon collection, by 

applying novel approaches to improve capillary liquid chromatograpy (cLC) separation and 

detection and by designing sampling probes for the study of ectopeptidases. Using temperature-

assisted solute focusing (TASF), in which sub-ambient temperature transients resulted in improved 

peak shape for early-eluting analytes, we demonstrated improved detection limits for the reversed 

phase gradient elution of small molecules and peptides with cLC. We also applied the proteomics 

strategy of duplex dimethyl labeling of primary amines to the analysis of neuropeptides in 

microdialysate for a completely online approach to sample collection and analysis with cLC and 

tandem mass spectrometry (MS2). Translating this approach to microdialysis required optimization 

for the analytes, buffers, and time scales necessary for online in vivo analyses and resulted in the 

first quantitative estimates of the neuropeptides leu-enkephalin and met-enkephalin in the rat 

hippocampus using cLC-MS2. Finally, using direct laser lithography, we designed and produced 

an integrated dual-channel electroosmotic perfusion-microdialysis (EOP-MD) probe for the study 

of ectopeptidases, membrane-bound enzymes which hydrolyze neuropeptides, under matched 

conditions (± inhibitor). While further studies of solute transport and tissue damage are required 

for application of EOP-MD to biological questions, we have demonstrated that this is a promising 

technique for the quantitative study of ectopeptidases.  
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