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Abstract: 

Neuropeptides are important signaling molecules responsible for a wide range of functions 

within the nervous and neuroendocrine system. However, they are difficult to study due to 

numerous challenges, most notably their large degree of variability and low abundance in vivo. 

As a result, effective separation methods with sensitive detection capabilities are necessary for 

profiling neuropeptides in tissue samples, particularly those of simplified model organisms such 

as crustaceans. In order to address these challenges, this study utilized a capillary electrophoresis 

(CE)-matrix-assisted laser desorption/ionization (MALDI)-mass spectrometry imaging (MSI) 

platform, building upon our previous design for improved neuropeptidomic coverage. The 

capillary was coated with polyethylenimine (PEI) to reduce peptide adsorption and reverse the 

electroosmotic flow, and large volume sample stacking (LVSS) was used to load and pre-

concentrate 1 µL of sample. The method demonstrated good reproducibility, with lower than 5% 

relative standard deviation for standards, and a limit of detection of approximately 100 pM for an 

allatostatin III peptide standard. The method was tested on brain and sinus gland (SG) tissue 

extracts and enabled detection of over 200 neuropeptides per run. When comparing the number 

detected in brain extracts in a direct spot, 60-second fractions, and 30-second fractions, the 

continuous trace collection afforded by the CE-MALDI-MSI platform yielded the largest number 

of detected neuropeptides. The method was compared to conventional LC-ESI-MS, and though 

the number of neuropeptides detected by LC-ESI-MS was slightly larger, the two methods were 

highly complementary, indicating the potential for the CE-MALDI-MSI method to uncover 

previously undetected neuropeptides in the crustacean nervous system. These results indicate the 

potential of CE-MALDI-MSI for routine use in neuropeptide research. 
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Introduction: 

Neuropeptides are one of the most diverse classes of signaling molecules. These short-

chain amino acid sequences are responsible for facilitating cell-to-cell signaling, driving central 

pattern generators, and modulating the neuroendocrine system as long-range circulating 

hormones.1-4 However, studying neuropeptides remains challenging due to their low abundance 

in vivo, tendency toward rapid degradation, and signal suppression due to masking from other 

biomolecules present in their complex sample matrices.5 These challenges necessitate the 

development of rapid workflows, and having an effective separation method is critical to 

maximizing the number of detected neuropeptides. Furthermore, their large span of functions is a 

consequence of the extensive variability in their structures. As a result, finding a single technique 

able to reliably profile all neuropeptides is difficult.6 Model organisms are typically used in order 

to characterize the structure and function of neuropeptides. The crustacean model is commonly 

employed for neuropeptide research because crustaceans possess a simplified nervous system 

with many of their neuropeptides being either conserved in or homologous to those in mammals, 

such as RFamide and tachykinin families or the allatostatin/galanin family.7-9 However, even 

with this simplified model, coverage of the neuropeptidome remains incomplete, and it is 

expected that there are many more neuropeptides present that have not yet been detected and 

characterized. 

Mass spectrometry is useful for probing the neuropeptides in these biological samples 

due to its sensitivity, fast acquisition rate, and ability to discriminate between different 

neuropeptide isoforms with different masses.10-12 The development of robust reversed-phase 

liquid chromatography (LC)-mass spectrometry (MS) techniques made large-scale profiling of 

neuropeptides possible, vastly expanding neuropeptide identification and driving functional 
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discovery of novel neuropeptides. Since that point, LC-MS has been the main-stream technology 

for large-scale neuropeptide studies, and most routine workflows employ some variation of this 

method for neuropeptidomics, with very successful results.13-17 However, alternative separation 

methods have been largely under-explored. Most notable of these is capillary electrophoresis 

(CE), which is a highly-promising method due to its rapid and highly-efficient separation 

mechanism. Furthermore, it separates molecules based on electrophoretic mobility, making it 

orthogonal to reversed-phase LC, which separates based on hydrophobicity. Many recent works 

have demonstrated the impressive capabilities of CE, but it still has yet to be incorporated as a 

routine method of analysis like LC.18-21 

Most MS workflows utilizing either LC or CE incorporate electrospray ionization (ESI) 

to introduce analytes to the MS.22-26 The other most commonly-used ionization method, matrix-

assisted laser desorption/ionization (MALDI), has not seen quite as many developments in recent 

years.27 As a solid-phase ionization method, MALDI cannot be easily coupled to online 

separation methods like ESI can. MALDI is a highly-suitable ionization method, though, because 

it is especially tolerant to salts and the formation of primarily singly-charged ions is useful for 

avoiding charge dilution, where the signal of a single peptide is spread out over several charge 

states. Furthermore, because MALDI uses a different ionization mechanism than ESI, the 

ionization efficiencies of molecules differ between the two sources, resulting in complementary 

detection of peptides.28 In order to couple MALDI with separation methods, offline fraction 

collection is typically performed.29-31 However, this limits the achievable separation resolution, 

which is particularly discouraging for CE, as one of the most notable benefits to CE is its sharp, 

highly-resolved peaks, which is compromised during fraction collection. A continuous collection 
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and MS acquisition method is necessary to preserve the high resolution of CE and maximize 

separation of complex biological samples.  

There have been several methods for achieving continuous analysis of CE samples with 

MALDI-MS in recent years. Many of these show highly promising results, including one online 

coupling with a rotating ball interface between the CE outlet and vacuum MALDI surface,32 and 

another implementing a vacuum deposition interface for continuous collection.33, 34 However, 

these technique requires sophisticated instrument modification, so cannot be easily incorporated 

into existing laboratory workflows. MS imaging (MSI) appears to be the most promising method 

for offline coupling of CE and MALDI, as it does not require additional instrumental 

modifications, and the only equipment required is a moving platform for continuous collection. 

The coupling of LC with MALDI-MSI has been demonstrated with a similar type of setup.35, 36 

Previous studies in our group implementing CE-MALDI-MSI have shown excellent results with 

high separation resolution and detection sensitivity.37-39 

Here, we improve upon our previous CE-MALDI-MSI method for the analysis of 

neuropeptides in crustacean tissue samples in order to increase the obtainable depth of 

neuropeptidomic coverage. This result was achieved by utilizing larger injection volumes and 

enhanced separation resolution with a positively-charged PEI capillary coating that reduces 

peptide adsorption and reverses electroosmotic flow (EOF). With this method, an increase in the 

number of detected neuropeptides in two tissue sample types was obtained with good 

reproducibility. When compared to LC-ESI-MS, the results yielded complementary 

identifications, showcasing the potential of the methods together to substantially improve 

neuropeptidomic profiling. These results indicate the potential of the CE-MALDI-MSI interface 

to address challenges associated with neuropeptide research.  
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Experimental Section: 

Chemicals and Materials 

 Fused silica capillary with a 50 µm inner diameter and 360 µm outer diameter was 

purchased from Polymicro Technologies - Molex (Lisle, IL, USA). ACS-grade formic acid (FA), 

anhydrous methanol, and cellulose acetate were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Polyethylenimine (50/50 v/v in isopropanol) was purchased from Gelest, Inc. 

(Morrisville, PA, USA). All other chemicals and solvents were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). Acidified methanol was prepared with 90/9/1 v/v/v 

water/methanol/acetic acid. For LC-ESI-MS instrumental analysis, Optima-grade solvents were 

used. 

Tissue collection and sample preparation 

C. borealis crabs were purchased from the Fresh Lobster Company, LLC (Gloucester, 

MA, USA) and housed in artificial seawater tanks with an alternating light/dark cycle of 12 

hours. Animals were packed in ice for 30 minutes prior to dissection for tissue collection. The 

dissection took place in chilled physiological saline (440 mM NaCl, 11 mM KCl, 26 mM MgCl2, 

13 mM CaCl2, 11 mM Trizma base, 5 mM maleic acid, adjusted to pH 7.45 with NaOH) as 

described previously.40 Brains and sinus glands (SG) were collected and stored in acidified 

methanol at -80º C until use. A total of 8 sinus glands and 10 brains were collected for the CE-

MALDI-MSI experiments and comparison LC-ESI-MS experiment.  

Tissues were extracted for neuropeptides with acidified methanol as the extraction 

solvent. Acidified methanol was added to each tissue in a glass homogenizer, and the tissue was 
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manually homogenized, sonicated in a bath sonicator, and centrifuged for 15 minutes at 16.1 rcf. 

The supernatant was removed and the cycle repeated for two additional extractions. The 

supernatant was evaporated in a speedvac, reconstituted in 15 µL 0.1% FA, and desalted with 

C18 ziptips (Agilent Technologies, Santa Clara, CA, USA). The SG sample and one of the brain 

samples were divided into two separate aliquots. Samples were then evaporated again in a 

speedvac and reconstituted in water for CE-MALDI-MSI experiments. The second aliquot of SG 

and brain extract were reconstituted in 0.1% FA for LC-ESI-MS runs.  

All standards used in the CE-MALDI-MSI experiments were diluted from stock solutions 

(1 mg/mL) to the appropriate concentration with water. 

CE experiments 

 For the CE-MALDI interface, a fracture was made 10 cm from the outlet of a 110 cm 

capillary with a glass cutter, as described elsewhere.41 Briefly, the glass cutter was used to 

scratch the coating off the capillary. The capillary was then gently bent to fracture the silica 

without breaking all the way through the capillary. The fractured part was affixed to a piece of 

plastic with glue, and a 120 mg/mL cellulose acetate solution was dripped over the fracture to 

create an ion-permeable membrane. The area was allowed to dry for 30 minutes prior to use. A 

Hewlett Packard 3D CE (Palo Alto, CA, USA) was used for all CE runs. The capillary was 

conditioned before the first used by flushing with each of the following for 4 minutes: methanol, 

water, 0.1 M NaOH, water, 0.1 M HCl, water, methanol. To coat the capillary with 

polyethylenimine (PEI) for a positively-charged surface, the capillary was flushed with 1 M 

NaOH for 30 minutes, followed by water for 10 minutes, and a 10% PEI solution (diluted with 

anhydrous methanol) for 2 hours. The coating was allowed to dry for 1 hour, and then the 

capillary was flushed with water for 25 minutes, followed by background electrolyte (BGE) 
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solution for 20 minutes.42 The coating was replenished before each day’s CE runs. As this 

coating generates a positive charge on the inner wall of the capillary, the electroosmotic flow 

was reversed such that the bulk solution migrated from the negatively-charged cathode to the 

positively-charged anode. 

 Samples were injected using pressure injection such that the total volume injected was 

approximately 1 µL, 12% of the total capillary volume. The inlet of the capillary was then 

moved to a vial of BGE solution and -20 kV was applied for 30 minutes for CZE separation. The 

BGE solution used was a 50 mM acetic acid buffer solution at pH 4.5, prepared by diluting 

glacial acetic acid with water and titrating the solution with 0.1 M sodium hydroxide to the 

desired pH.  The outlet of the capillary was placed in a reservoir filled with BGE solution such 

that the fractured part was submerged in solution and the outlet tip was outside of the reservoir 

(Figure 1A). The capillary was flushed with BGE for 10 minutes between subsequent analyses. 

For fraction collection, the outlet tip of the capillary was placed on a spot on a MALDI target 

plate for either 30 seconds or 60 seconds and then moved to the adjacent spot. Each fraction was 

mixed on the spot with 0.2 µL DHB matrix (150 mg/mL 2,5-dihydroxybenzoic acid in 50/50/0.1 

water/methanol/FA). For continuous trace collection, the capillary tip was placed on a plain, 

stainless steel MALDI target plate attached to a syringe pump with a platform (Figure 1B). 

During the separation, the syringe pump was set to move at 4.2 mm/min, resulting in continuous 

collection of liquid emerging from the capillary tip. The plate was then coated with 12 layers of 

DHB matrix (40 mg/mL in 50/50/0.1 water/methanol/FA) using an automated TM sprayer set to 

80º C with 30 s drying time between passes. The entire workflow is shown in Figure 1C. 

MALDI-MSI analysis 
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 Samples were run on a MALDI LTQ-Orbitrap XL (Thermo Scientific, Bremen, 

Germany) in positive mode with an m/z range of 500 to 2000 and resolution of 60,000. The 

MALDI source was equipped with a 337.1 nm, 60 Hz nitrogen laser, set to 20 µJ laser energy. 

For spot analysis, 50 scans were acquired for each spot. For imaging, MS spectra were acquired 

at a raster size of 100 µm, with the exception of the images in Figure 2C, which were acquired 

at a raster size of 200 µm. MS imaging run times took approximately 6 hours to complete. LC-

ESI-MS data was acquired on an Orbitrap Elite (Thermo Scientific, Bremen, Germany). Details 

of the parameters can be found in the Supporting Information. 

Data Analysis 

 Spot data was processed by accurate mass-matching peaks to our lab’s in-house 

crustacean neuropeptide database within ± 5 ppm mass error. Images were generated for the CE 

traces in ImageQuest (Thermo Scientific, Bremen, Germany). The image files were exported as 

centroid imzml files, which were uploaded into MSiReader.43 MS heat map images were 

generated for each m/z in the neuropeptide database. All images were normalized to the total ion 

current (TIC), with a mass error set to ± 5 ppm, and 5th order linear smoothing applied. 

Electropherograms were constructed by exporting the intensity matrix in MSiReader to Excel for 

each detected neuropeptide m/z. For each x-axis coordinate, the y-value intensities were summed 

to make a 2-dimensional electropherogram, with different colors representing different m/z 

values. LC-ESI-MS data was processed in MaxQuant44 for feature detection, and then accurate 

mass-matched to the neuropeptide database within ± 5 ppm mass error. 

 

Results and Discussion 
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Optimization of separation conditions 

 CE separation of neuropeptides was employed with continuous collection of liquid 

coming out of the capillary for subsequent MALDI-MSI in order to maximize separation 

resolution. Figure 1A shows the overall setup of the CE, capillary outlet, and MALDI target 

plate. Figure 1B shows a close-up of the CE outlet allowing for the interface with MALDI. The 

overall workflow of the method is depicted in Figure 1C. The purpose of this study was to 

improve upon our previous designs for the CE-MALDI interface in order to gain a more in-depth 

profiling of neuropeptides. The key aspects to achieve such improvements include the 

incorporation of a positively-charged coating and by increasing the injection volume with LVSS.  

The capillaries used were bare fused silica, which carries a negative charge. The peptides 

traveling through the capillary are predominantly positively-charged, and so electrostatic 

interactions cause them to adhere to the capillary. This phenomenon results in peak broadening, 

which causes poorer separation resolution and detection sensitivity. To overcome this problem, 

we coated the capillary with PEI, creating a positive charge on the inner wall of the capillary. 

The positive charge repels the positive charge of the peptides, resulting in sharper, more resolved 

peaks. In addition to preventing inner-wall adsorption, the PEI coating improves separation by 

reversing the EOF in the capillary. Due to the reversed charge of the surface, the EOF migrates 

from the negatively-charged electrode (cathode) to the positively-charged electrode (anode), 

while the peptides still flow anode to cathode. As a result, the separation is lengthened when 

performed under reverse polarity, allowing the peptides longer distance to separate within the 

capillary, thus improving resolution. Figure S1 (See Supporting Information) shows a 

comparison of electropherograms of a neuropeptide extract with and without the PEI coating, 

demonstrating the improvement in peak shape and resolution. 
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In order to increase the amount of peptides that could be loaded onto the capillary, we 

employed the LVSS injection and pre-concentration method. This method works with low-

concentration samples dissolved in water, as the low concentration causes the sample plug to 

have a higher field strength than the surrounding BGE due to its lower conductivity. Instead of 

dissolving the sample in 0.1% formic acid, as is done for LC analysis, the sample was dissolved 

in pure water. As the neuropeptides in crustacean tissue sample are present in low abundance, the 

method is well-suited for this analysis. After the sample plug is loaded on the capillary and a 

voltage applied, the more highly-concentrated BGE travels quickly through the capillary. As 

current needs to be uniform at all points in a closed circuit, ions in the dilute sample plug move 

at a faster rate until the ions reach the interface of the sample plug and BGE, thus concentrating 

the sample plug until it is at the same concentration as the BGE. At that point, the peptides in the 

sample plug separate based on their individual electrophoretic mobilities.45-47 Because the EOF 

and peptide migration were in opposite directions, the peptides moved toward the entrance of the 

capillary until they reached the BGE solution. At that point, their net migration was toward the 

capillary outlet as they were carried by the EOF. In this setup, the BGE was 50 mM pH 4.5 

acetic acid/ammonium acetate buffer. This pH was selected because it reduced the EOF enough 

such that the peptides could separate within a 30-minute separation window. The LVSS method 

enabled an injection of 1 µL of sample, making the method more comparable to nanoLC 

methods while still providing excellent separation and high-efficiency peak shapes. The MS 

images in Figure 2A show the separation of a mixture of 5 standard peptides (20 µM 

concentration) in a single CE trace. An improvement in peak area of approximately 2-fold was 

observed for standard peptides compared to a conventional 20 nL injection at this concentration. 
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It is likely that this improvement would be even larger at lower concentrations, as the standards 

were not detected at lower concentrations with the 20 nL injection volume. 

In order to demonstrate the reliability and reproducibility of the separation, three runs of 

the same standard peptides were performed on different days with different capillaries. Figure 

2B shows heat map MS images of two standard peptides from each of the three runs. As can be 

seen, the migration time of each peptide is approximately the same on different days. The 

relative standard deviation, based on the migration time of the peak maximum, was 0.67% for 

FMRFamide and 2.31% for allatostatin III. While the peak migrations shifted a small amount 

from day to day, likely due to slight variations in capillary length, they remained generally 

consistent, and the reproducibility was found suitable for separating peptide mixtures. 

With the increased loading capacity of the CE method, it was expected that the detection 

of low-abundance neuropeptides would be possible. In order to evaluate this expectation, the 

limit of detection was approximated using a standard peptide, allatostatin III. Subsequent runs 

were analyzed with varying concentrations. Solutions of 1 pM, 10 pM, 100pM, 1 nM, and 1 µM 

were analyzed. The standard was able to be easily detected at levels down to 100 pM, but at 10 

pM and 1 pM, no signal was observed. Figure 2C shows the MS images of the standard at the 

three concentrations of the standard peptide. The migration times changes slightly for lower 

concentrations of peptide due to the increased amount of stacking that occurs within the 

capillary. From these data, it was determined that the approximate limit of detection is 100 pM, 

though the actual concentration will likely vary based on ionization efficiencies of peptides and 

complexity of samples. 

Application of the CE-MALDI-MSI method to profiling neuropeptides in crustacean tissue 

extracts 
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 The CE-MALDI-MSI method was evaluated on two tissue extracts, brain and sinus 

gland. Approximately 1.72 µg of SG extract was loaded onto the capillary. For the brain extract, 

approximately 0.44 µg was loaded onto the capillary. For each sample, three replicate injections 

were run in order to obtain three technical replicates for each. Two additional biological 

replicates were performed with the brain extract on different days using different brain tissue 

samples. All sample runs resulted in the detection of over 200 neuropeptides, a substantial 

improvement to the 67 neuropeptides detected with the previous MALDI-MSI method, with 

relatively low standard deviations. The results are summarized in Figure 3, which shows the 

number of neuropeptides detected in each sample, with error bars indicating the standard 

deviation between the three technical replicates. The number of detected neuropeptides in each 

sample had low relative standard deviations (3.9%, 12.4%, and 1.5% for the brain samples and 

6.8% for the SG sample), indicating good technical reproducibility. The relative standard 

deviation of peaks areas between samples were also relatively low, 27.6%, 22.4%, and 31.8% for 

the brain samples and 32.3% for the SG sample. Figure 4 shows electropherograms from 

representative runs of both the brain and tissue extract, with different colors indicating different 

neuropeptides detected. The electropherograms were constructed by exporting the intensity of 

each m/z value at each pixel. The intensities were summed across the Y axis for each m/z value 

to generate a plot of peak intensity as a function of the X axis. As can be seen, the separations led 

to highly-resolved peptide signals in the MS imaging trace. The narrowness of the peak shapes is 

likely due to the large degree of stacking that took place with neuropeptides in low abundance. 

Furthermore, the migration times of the neuropeptides appear to be evenly distributed throughout 

the entire separation time for both tissue samples, indicating that the optimized parameters are 
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suitable for separating the neuropeptides within a relatively short separation window (30 

minutes).  

Comparison of different collection methods 

 While the CE-MALDI interface has been explored by numerous groups in a variety of 

contexts in the past, the coupling with MSI is a relatively recent technique. The improved 

number of identifications in tissue extract is largely attributed to the improved separation 

resolution. Other methods often couple CE with MALDI using fraction collection. By 

continuously collecting liquid from the capillary onto the plate and performing MS imaging, the 

resolution is expanded drastically (with the limit being determined instead by the raster size of 

the instrument). In our method, the raster size was set to 100 µm, which corresponds to a time 

resolution of approximately 0.01 s. In order to determine if this enhanced resolution is beneficial, 

a comparison was made between different time resolutions, including a direct spot (no 

resolution), 60 s fraction collections, 30 s fraction collections, and the continuous trace. Brain 

tissue extract was used for all collections. The resulting number of detected neuropeptides with 

each method is shown in Figure 5. As is expected, the number of neuropeptides increases with 

increasing separation resolution. This observation was confirmed by performing a one-way 

ANOVA test (p-value = 1.0x10-4), followed by a Dunnett post-hoc test in which the continuous 

trace was compared to the three other methods. Each comparison was determined to be 

statistically significant below a threshold of 0.05. Figure 6 shows the MS spectra acquired from 

10 of the 60 s fractions collected of the brain sample showing the difference in peptides detected 

within each fraction of the CE separation. 

Comparison of CE-MALDI-MSI to LC-ESI-MS 
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 Online LC coupled to ESI-MS is the gold standard for peptide separations and is 

routinely performed with excellent results. In order to determine how the CE-MALDI-MSI 

method compared, brain and SG samples were run on an Orbitrap Elite MS coupled to a Waters 

nanoAcquity LC system. This instrument was chosen for comparison because it has the same 

geometry as the MALDI LTQ-Orbitrap XL instrument, with all aspects of the instrument being 

approximately the same except for the ionization source. A standard 2-hour LC gradient was 

used with a self-packed 14 cm C18 column. While the results showed a slightly greater number 

of neuropeptides detected in the LC-ESI-MS samples, it is interesting to note that the results 

were highly complementary, with less than a third of the neuropeptides being detected with both 

methods. Figure 7 shows the overlap of neuropeptides detected with the two methods. These 

results indicate that neither method is necessarily superior to the other, but combining the two 

may substantially improve neuropeptidomic coverage. Furthermore, applying the CE-MALDI-

MSI method toward additional neuropeptide samples may result in the detection of 

neuropeptides that have not been previously detected. 

The neuropeptides detected in LC and CE were compared in order to identify any trends 

in characteristics causing certain neuropeptides to be identified with one method over the other. 

The mass, m/z, family, and retention/migration times were compared. The range and average 

masses and m/z values were approximately the same for all samples with both methods, lying 

near the median value. The neuropeptide families were also compared, as neuropeptides are 

grouped into families based on shared sequence motifs. For all samples, similar numbers of 

neuropeptides were detected belonging to the different common neuropeptide families. The 

average LC retention times and CE migration times were close to the median values, indicating 

that there was no bias related to the time of separation. Therefore, it is assumed that the 
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differences in detected neuropeptides between the two methods is due to the orthogonality of the 

separation mechanisms resulting in different cohorts of peptides to be better separated and more 

easily detected.  

Conclusion 

 The purpose of this study was to address challenges in neuropeptide detection related to 

the large degree of diversity and low abundances in vivo. To overcome these challenges, an MS 

platform was established that is orthogonal and complementary to conventional LC-ESI-MS. The 

developed CE-MALDI-MSI method further improved on our previous platform by utilizing 

larger injection volumes and enhanced separation resolution with a PEI capillary coating. The 

resulting method showed effective separation of both standards and tissue extracts with excellent 

reproducibility. Furthermore, the results yielded complementary identifications to that of LC-

ESI-MS, indicating that combining the platforms can lead to substantial improvements in 

neuropeptidomic coverage and potentially novel, previously-undiscovered neuropeptides. While 

this method used accurate mass-matching to identify neuropeptides, it is expected that the 

incorporation of MS/MS acquisitions will result in more confident identifications, as well as the 

identification of novel neuropeptides with the assistance of de novo sequencing. This method 

demonstrates the potential of CE-MALDI-MSI as a routine method for neuropeptide profiling in 

a variety of samples. 

Electronic supplementary information (ESI) is available for the online version of this article 

through publisher’s web site.   

Details of LC-ESI-MS method used for comparison, electropherograms of tissue extracted 

separated with uncoated and PEI-coated capillaries. 
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Figure legends 

Figure 1. Depiction of the CE-MALDI-MSI set up, including a photograph of the interface of 

the capillary outlet with the MALDI plate (A), a close-up photograph of the capillary outlet and 

MALDI plate during trace collection (B), and a workflow showing the experimental steps, 

including CE separation (with arrows indicating direction of migration for electroosmotic flow 

(EOF), peptides, and net migration), matrix application, MALDI-MS analysis, generation of 

images, and database matching (C). 

Figure 2. Electropherogram and MS images of CE traces of standard peptides, demonstrating the 

separation of a mixture of 5 standard peptides (A) with the corresponding MS images (B), the 

consistency of migration times of two standards run on different days (C), and the detection of a 

standard run at different concentrations (D). In each MS image, green circles indicate the 

location of the maximum peak intensity for the m/z value. 

Figure 3. Number of detected neuropeptides in samples of neuropeptide tissue extract, with the 

total representing the average of three replicate injections of the same sample and error bars 

indicating the standard deviation. 

Figure 4. Electropherograms constructed from MS images of detected neuropeptides in 

representative brain (top) and sinus gland (bottom) CE-MALDI-MSI runs, with each color 

indicating a different neuropeptide. 

Figure 5. Bar graph indicating the number of neuropeptides detected in brain tissue extract 

samples when analyzing a direct spot, 60 s CE fractions, 30 s CE fractions, and a continuous CE 

trace using MSI. Error bars represent the standard deviation, and n corresponds to the number of 

replicates performed. An ANOVA test was performed (p-value 1.0x10-4) followed by a 
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Dunnett’s post-hoc test comparing each method to the continuous trace. Asterisks indicate 

statistical significance at α < 0.05. 

Figure 6. Mass spectra from CE separation of brain tissue extract collected as 60 second 

fractions and analyzed with MALDI-MSI.  Shown are fractions 14 – 24, showing the difference 

in peptides identified in each fraction (A), as well as a mass spectrum of brain tissue extract 

without CE separation (B). 

Figure 7. Venn diagrams indicating the overlap of neuropeptides detected in neuropeptide 

extracts from brain tissue (left) and sinus gland tissue (right) using LC-ESI-MS and CE-MALDI-

MSI. Values indicate the number detected ± standard deviation (n = 3 technical replicates). 
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Figures 

   

Figure 1. Depiction of the CE-MALDI-MSI set up, including a photograph of the interface of 

the capillary outlet with the MALDI plate (A), a close-up photograph of the capillary outlet and 

MALDI plate during trace collection (B), and a workflow showing the experimental steps, 

including CE separation (with arrows indicating direction of migration for electroosmotic flow 

(EOF), peptides, and net migration), matrix application, MALDI-MS analysis, generation of 

images, and database matching (C). 
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Figure 2. Electropherogram and MS images of CE traces of standard peptides, demonstrating the 

separation of a mixture of 5 standard peptides (A) with the corresponding MS images (B), the 

consistency of migration times of two standards run on different days (C), and the detection of a 

standard run at different concentrations (D). In each MS image, green circles indicate the 

location of the maximum peak intensity for the m/z value. 
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Figure 3. Number of detected neuropeptides in samples of neuropeptide tissue extract, with the 

total representing the average of three replicate injections of the same sample and error bars 

indicating the standard deviation. 
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Figure 4. Electropherograms constructed from MS images of detected neuropeptides in 

representative brain (top) and sinus gland (bottom) CE-MALDI-MSI runs, with each color 

indicating a different neuropeptide. 
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Figure 5. Bar graph indicating the number of neuropeptides detected in brain tissue extract 

samples when analyzing a direct spot, 60 s CE fractions, 30 s CE fractions, and a continuous CE 

trace using MSI. Error bars represent the standard deviation, and n corresponds to the number of 

replicates performed. An ANOVA test was performed (p-value 1.0x10-4) followed by a 

Dunnett’s post-hoc test comparing each method to the continuous trace. Asterisks indicate 

statistical significance at α < 0.05. 
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Figure 6. Mass spectra from CE separation of brain tissue extract collected as 60 second 

fractions and analyzed with MALDI-MSI.  Shown are fractions 14 – 24, showing the difference 

in peptides identified in each fraction (A), as well as a mass spectrum of brain tissue extract 

without CE separation (B). 
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Figure 7. Venn diagrams indicating the overlap of neuropeptides detected in neuropeptide 

extracts from brain tissue (left) and sinus gland tissue (right) using LC-ESI-MS and CE-MALDI-

MSI. Values indicate the number detected ± standard deviation (n = 3 technical replicates). 
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