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Abstract : Neuropeptides, particularly in tissues, can be difficult to detect due to their low amounts and similar structures to pre-
cursors. With matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS), conventional organic acid matrices
are used to help ionize analytes but can cause matrix interference in the m/z range of common neuropeptides. The high-resolu-
tion of Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) enables distinguishing matrix-derived signals
from those of neuropeptides. Another benefit to FTICR MS is the ability to process transients in multiple modes, magnitude-
mode and absorption-mode. Using the dried droplet method, leucine enkephalin (LE) samples containing gluten exorphin B5
(B5) internal standard were deposited onto surfaces with a siloxane grid; a stainless-steel target plate (SUS), indium-tin oxide
(ITO) slide, and glass slides were used. To improve the crystallization of CHCA, freeze drying was employed. Calibration
curves of LE had an R2 of 0.88 to 0.93 when processed in magnitude-mode or post-processed in absorption-mode when spotted
on SUS, ITO slides, or glass slides. Slopes were nearly equal whether processed in absorption- or magnitude mode and did not
impact the limit of detection. However, the nature of substrate impacted calibration curve slopes, with ITO slides providing the
steepest slope, followed by non-conductive glass, with stainless steel exhibiting the shallowest slopes and sensitivity. Peak shape
was improved in absorption-mode (2.5-2.6x improvement of resolution and 1.9-2.9x improvement of S/N), suggesting that
absorption-mode processing should be employed in quantitative FTICR MS applications.
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Introduction

Neuropeptides are a diverse type of biomolecule used in

the central peripheral nervous system for signaling in order

to control and regulate essential physiological functions.1-3

The most common approach to detect neuropeptides is

immunohistochemistry (IHC); other techniques for identi-

fying neuropeptides include high-performance liquid chro-

matography (HPLC), often coupled to mass spectrometry

(MS), or Edman degradation.2,4 These techniques have dif-

ficulties with detecting and identifying these peptides due

to their low abundance. An alternative approach uses

matrix-assisted laser desorption/ionization mass spectrometry

(MALDI MS).1 MALDI MS allows for intact molecular

ions to be ionized due to its high sensitivity.1 Leucine

enkephalin (LE) is a pentapeptide made up of tyrosine, gly-

cine, glycine, phenylalanine, and leucine (YGGFL) and is

an endogenous brain pentapeptide that has opiate-like acti-

vites.5 LE has been studied in mass spectrometry and has a

(M+H)+ of 556.2771 Da.6 Gluten exorphin B5 (B5) is a

pentapeptide that is made up of tyrosine, glycine, glycine,

tryptophan, and leucine (YGGWL).7 B5 also has opiate-

like activity that comes from food, hence termed an exor-

phin as opposed to an endorphin.7

Fourier transform ion cylcotron resonance mass

spectrometry (FTICR MS) has been around since its

creation in 1974 by Comisarow and Marshall, and is

reknowned for its high-resolution attributes.8-10 FTICR is

compatible with a MALDI source.8,11 Modern FTICR MS

shows resolving power up to 12 million when attached to a

21 Tesla (T) magnet, and increases in primary performance

indicators such as sensitivity, resolving power, and dynamic

range are also the result of higher magnetic field

strength.8,12,13 FTICR MS data can be processed in either
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magnitude-mode or absorption-mode.14 The only way to

extract absorption-mode data is to properly align the intial

phase angles to correct for the real part of magnitude-mode

data.14-30 Proper phasing was an obstacle to FTICR MS

until phasing solutions unlocked access to data in the

absorption-mode.21, 23 The calculated phase correction can

then be broadly applied to individual or batches of acquired

transients in a variety of manners.16,31-33 The optimized

phase correction function has been determined by an

iterative or genetic algorithm, manual or automated

approaches, or a specific spectrum is used to optimize for a

similar spectrum.16,18,21 Absorption-mode has shown both a

larger number as well as narrower peaks than magnitude-

mode allowing for an improvement of mass resolving

power by at least 2 times and an increase in signal-to-noise

ratio (S/N) by at least .14-23,29 Experimental confirmation

after absorption-mode processing is necessary for two

reasons. Magnitude-mode data includes dispersion-mode

data, which inherently broadens the peak shape. Also, for

multiple species, the absorption-mode data is the sum of all

components; even if the absorption-mode data is correctly

phased, the dispersion-mode spectra of two closely-spaced

peaks can partly cancel. Thus, Marshall and Verdun

concluded that magnitude-mode processing is unsuitable

for the purposes of quantitative analysis.28

MALDI was created in the late 1980s by Karas and Hil-

lenkamp for organic matrices and by Tanaka with cobalt

nanoparticles.8,34-36 MALDI is capable of analyzing various

types of compounds at the same time, being easy to operate,

with high accuracy and reproduciblity, high speed, sensitive

detection, little sample consumption, and a high salt toler-

ance.37,38 MALDI is able to detect molecules with m/z from

hundreds of Da to MDa.37,39-48 This is a very common tech-

nique involving a specific set of sample preparation proce-

dures. The most common approaches of sample application

include dried droplet and sublimation.8 The target plates

typically used are conductive including stainless-steel, stan-

dard nickel-coated aluminum, or indium-tin oxide (ITO)

slides.8 There is some interest in using non-conductive sur-

faces that use a conductive coating like gold or resins.49

Here, quantitative MALDI FTICR MS is evaluated using

different substrates by both absorption-mode and magni-

tude-mode processing.

Experimental

Chemicals

Matrix used was 97% grade CHCA from Sigma Aldrich

(St. Louis, MO, USA). Analytes for quantiation were B5

from BACHEM AG (Bubendorf, Switzerland) and LE

from American Peptide (Sunnyvale, CA, USA). The sol-

vents used to make solutions were HPLC grade methanol

(MeOH) from Sigma Aldrich (St. Lousi, MO, USA), aceto-

nitrile (ACN) from Thermo Scientific (Bellefonte, PA, USA),

water from Thermo Scientific (Bellefonte, PA, USA), for-

mic acid (FA) from Fisher Scientific (Fair Lawn, NJ, USA),

and trifluoroacetic acid (TFA) from EMD Chemicals

(Gibbstown, NJ, USA). Siloxane mixture was made with

poly (dimethyl siloxane) vinyl terminated (PDMS-vinyl

terminated) from Aldrich Chemical (Milwaukee, WI, USA)

and hexanes from Fisher Scientific (Hampton, NH, USA).

Glycerol was from Acros Organics (Geel, Antwerp, Bel-

gium). Sodium hydroxide (NaOH) was used from J.T.

Baker (Phillipsburg, NJ, USA).

Methods

For the dried droplet method a siloxane grid was formed

on SUS plates, ITO slides, and glass slides based on the

method of Redeby et al.50 A 5 g/L solution of PDMS-vinyl

terminated is made by diluting a 5 mL of a 50 g/L PDMS-

vinyl terminated solution to 50 mL with hexanes. Glycerol

is spotted to the sample surfaces with a 0.1-10 μL pipette

tip on predetermined spots. Then the siloxane mixture is

sprayed onto each surface with a Paasche airbrush to cover

evenly with about 15 passes. The siloxane film was dried in

an oven at 75oC for 5 minutes. Once the film is dry the

glycerol is removed with DI water.

Samples were made by dissolving LE in ACN with con-

centrations of 100, 200, 300, 400, 500, 650, 750, 850, and

1000 ppb. B5 was made by dissolving in ACN at 1000 ppb.

The optimized matrix was 20 mg/mL CHCA in 90:10:0.1

ACN:H2O:TFA. The sample mixture used for dried droplet

was 25 μL of the concentration desired of LE solution,

25 μL of 1000 ppb B5 solution, 25 μL of CHCA solution,

20 μL of a 10% FA solution, and 5 μL ACN. Once the grid

was made on either SUS, ITO slide, or a glass slide, 1.0 μL

of the sample mixture was deposited on the slides in the

predetermined spots. Once the spots were applied they were

dried with a X-Large pro freeze dryer from Harvest Right,

the freeze time was 5 minutes, the dry time was 5 minutes,

and the final dry time of 2 mintues.

All samples were analyzed with an unmodified commer-

cial Bruker Daltonics 12 T SolariX FTICR MS equipped

with an Infinity cell and MALDI source with a 1 kHz

SmartBeam II frequency-tripled (355 nm) Nd:YAG laser

(Bremen, Germany). Instrument parameters were opti-

mized to include a broadband excitation with a 1 M time

domain, and a m/z range of 147.43-1500.00 resulting in a

transient of 0.4194 s. The number of acquisitions was 75,

with a laser focus of small, a laser frequency of 1000 Hz,

number of shots are 1000. Laser power was optimized on

standards before MS acquisitions. The data was processed

with DataAnalysis 5.0 (Bruker Daltonics, Bremen, Ger-

many) and ftmsProcessing 2.2.0.

Samples were tuned with an external calibration of

sodium trifluoroacetate (NaTFA). NaTFA was made with

0.1% TFA titrated with 10 mmol/L NaOH to a pH

between 3 to 4, then diluted 50% with ACN.51 The m/z

scale was internally calibrated with CHCA adducts of

[2M+H]+, [2M+Na]+, [2M+K]+, and [3M+H]+. Absorp-
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tion-mode data was processed with 1 M data points zero-

filled once, Kilgour window mode with a Kilgour Max of

0.5, advanced AMP Parameters of use genetic algorithm,

AMP Baseline Correct of Simple_100, AMP m/z range of

200-1000, and finding a genetic algorithm score of  0.8

and < 1.0.

Results

Calibration curves were constructed by plotting the con-

centration ratio of LE/B5 versus the LE/B5 (M+H)+ peak

intensity. The lower limit of detection on all the surfaces

was 200 ppb LE (LE was undetected at 100 ppb). When

comparing the peak shapes of magnitude-mode versus

absorption-mode, the absorption-mode peaks had consis-

tently higher resolving power, as demonstrated with the

examples shown in Figures 1-3 and summarized in Table 1.

When comparing the averaged resolving power from all

Figure 1. Spectra on SUS with LE [M+H]+, marked with a blue

star, on top and B5 [M+H]+, marked with a red star, on bottom,

where blue line represents magnitude-mode and green line

represents absorption-mode.

Figure 2. Spectra on ITO with LE [M+H]+, marked with a blue

star, on top and B5 [M+H]+, marked with a red star, on bottom,

where blue line represents magnitude-mode and green line

represents absorption-mode.

Table 1. Comparison of mean Signal-to-noise (S/N) and mean

resolving power for (M+H)+ peaks of leucine enkephalin (LE)

and gluten exorphin B5 as a function of surface and processing

mode; Abs = absorption-mode, Mag = magnitude-mode.

Mode S/N LE S/N B5 RP LE RP B5

SUS (Abs) 1335 883 187826 177259

SUS (Mag) 705 307 74939 71244

ITO (Abs) 1012 378 184476 175269

ITO (Mag) 433 167 71250 70915

Glass (Abs) 635 251 190208 178500

Glass (Mag) 222 116 74996 71319

Figure 3. Spectra on glass with LE [M+H]+, marked with a blue

star, on top and B5 [M+H]+, marked with a red star, on bottom,

where blue line represents magnitude-mode and green line

represents absorption-mode.
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surfaces, the absorption-mode observed resolution showed

2.5-2.6 times enhancement and the S/N was 1.9-2.9 times

better. The calibration curves were linear for all surfaces.

For SUS the R2 for magnitude-mode was 0.9315, shown in

Figure 4 in blue, and for absorption-mode was 0.9243,

shown in Figure 4 in orange.

The calibration curve for ITO had R2 of 0.8981 for mag-

nitude-mode, in Figure 5 in blue, and 0.8639 for absorp-

tion-mode, in Figure 5 in orange. The calibration curve for

ITO had R2 of 0.8882 for magnitude-mode, in Figure 6 in

blue, and 0.8630 for absorption-mode, in Figure 6 in

orange.

Discussion

Absorption-mode processing improved the peak shape,

resolution, and S/N by approximately a factor of 2 over

magnitude-mode. This upholds the improvement in peak

shape, resolution, and S/N as mentioned in theory for

absorption-mode vs. magnitude-mode FTICR MS, and is

demonstrated on multiple surface types using dried droplet

MALDI method. There are no significant differences in lin-

earity when using absorption-mode or magnitude-mode;

linear curves with an R2 of at least 0.8857 and up to 0.9337

on all surfaces, with a linear range of 200 ppb to 1000 ppb.

Linear calibration curves on three surface types (where two

are conductive and one is not) down to 200 ppb are demon-

strated. The nature of the surface did not change the limit of

detection, and slopes between absorption-mode and magni-

tude-mode processing are virtually equal. However, ITO

surfaces exhibited the highest slope in terms of sensitivity,

followed by non-conducting glass with stainless steel sur-

faces providing the shallowest slopes.

Conclusions

Absorption-mode post-processing was used for FTICR

MS combined with MALDI and was able to show evidence

of peak shape, resolution, and S/N improvement of at least

two fold. MALDI was performed on SUS plate, ITO slide,

and glass slide, creating calibration curves from dried drop-

let application from 200 ppb to 1000 ppb. Further research

should examine other surfaces and other matrix types, for

example two-dimensional graphene, to see if further linear-

ity and/or lower detection limits can be achieved. Applica-

tion of samples can also be further studied in order to

improve linearity and limit of detection, and eventually

application to the quantitation of neuropeptides in imaging

approaches. Our results suggest that absorption-mode pro-

cessing should become the mode of choice when process-

ing quantitative FTICR MS data.
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