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Abstract
Herein we report a pressure-assisted capillary electrophoresis-mass spectrometric imaging (PACE-
MSI) platform for peptide analysis. This new platform has addressed the sample diffusion and
peak splitting problems that appeared in our previous groove design, and it enables homogenous
deposition of the CE trace for high-throughput MALDI imaging. In the coupling of CE to MSI,
individual peaks (m/z) can be visualized as discrete colored image regions and extracted from the
MS imaging data, thus eliminating issues with peak overlapping and reducing reliance on an ultra-
high mass resolution mass spectrometer. Through a PACE separation, 46 tryptic peptides from
bovine serum albumin and 150 putative neuropeptides from the pericardial organs of a model
organism blue crab Callinectes sapidus were detected from the MALDI MS imaging traces,
enabling four to six-fold increase of peptide coverage as compared with direct MALDI MS
analysis. For the first time, quantitation with high accuracy was obtained using PACE-MSI for
both digested tryptic peptides and endogenous neuropeptides from complex biological samples in
combination with isotopic formaldehyde labeling. Although MSI is typically employed in tissue
imaging, we show in this report that, it offers a unique tool for quantitative analysis of complex
trace-level analytes with CE separation. These results demonstrate a great potential of the PACE-
MSI platform for enhanced quantitative proteomics and neuropeptidomics.
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INTRODUCTION
Mass spectrometry (MS)-based characterization of trace-level peptides from complex
samples, such as endogenous neuropeptide extracts, secreted peptides in biofluids, is of great
challenge due to the extremely low concentration of analytes, background interference and
limited sample amount. To achieve increased sensitivity, a variety of purification and
separation techniques have been employed prior to MS analysis.1–8 Capillary
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electrophoresis (CE) is of great potential in MS-based proteomics and peptidomics.9–12 In
addition to its high separation efficiency, it features low sample consumption (nano-liter
volume) and fast separation, which makes the technique suitable for the analyses of complex
samples with limited amounts.13–15 While both sheath flow-assisted and sheathless CE have
been developed for coupling to electrospray ionization (ESI) MS,16–19 their offline coupling
to matrix-assisted laser desorption/ionization (MALDI) MS provides an alternative way with
better tolerance to impurities as well as increased flexibility.20 Recently, numerous research
groups have reported the development of CE-MALDI MS for proteomics, peptidomics and
metabolomics studies.21–24 In order to achieve enhanced MS signal, CE-MALDI interface is
considered to be critical. A common offline coupling design employs discrete fraction
collection, which causes loss of electrophoretic resolution.12 To address this limitation,
some early studies attempted to reduce time intervals for fraction collection.25–27 Zhang et
al. developed a continuous deposition method for offline CE-MALDI coupling.28 A CE
trace was collected on a cellulose membrane pre-coated with matrix, and MALDI mass
spectra were recorded by manually moving the MALDI target. This work represented the
first attempt at continuous CE collection, but the data acquisition rate was low due to
manual operation. In addition, since CE ground was connected on the target, current
breakdown could be an issue due to poor connection. Karger and co-workers later reported
off-line CE-MALDI interface using either tape29 or stainless-steel MALDI plate30. Their
interface features a liquid junction to transfer CE samples to deposition capillary under a
vacuum chamber. Fast separation and high sensitivity have been achieved, but the wide
liquid junction could be a potential interference to CE separation, and fine control of
vacuum is necessary to avoid morphology change and the formation of discrete spots on the
stainless-steel plate which repels water.

Introduced by Caprioli et al. in 1997, MALDI mass spectrometric imaging (MSI) has been
widely applied to investigate the molecular distribution of various compounds especially
from biological tissues.31–33 With the micrometer-scale spatial resolution, MSI has an
inherent great potential in coupling with micro-scale separation method such as CE. On one
hand, imaging enables “continuous” collection of CE flow which preserves
electropherogram resolution with the capability of data analysis based on selected mass or
migration time. On the other hand, CE provides separation and quantitation ability for MSI.
Based on early attempts to integrate separation techniques with MSI, 28, 34 two recent
reports described the coupling of either CE or LC separation to MSI.35–36 Our group
reported an original design of an offline CE-MSI interface with etched grooves on the
MALDI plate that allow MALDI MSI experiments to be conducted.35 CE separation and
quantitation have been demonstrated with 10 spiked peptide standards, showing the
capability of CE-MSI in separation and quantitation of peptides. However, more in-depth
studies in quantifying complex biological samples are limited by severe sample diffusion
and peak splitting issues. These limitations were caused mainly by the poor homogeneity of
the matrix trace in the etched grooves on the customized MALDI plate, and the way that the
sheath flow was introduced via an un-protected fracture on the capillary which interrupted
CE separation. Weidner and Falkenhagen reported another interface by coupling LC with
MSI for the study of two polymers.36 A home-built electrospray deposition interface was
applied to the capillary outlet in order to collect LC eluent spray on the MALDI plate, and
matrix was introduced prior to the electrospray deposition interface by using a T-connector.
Although intense imaging signal can be observed, samples were sprayed to a large area on
the MALDI plate which greatly reduced spatial resolution that several-minute peak widths
were observed, and the “matrix sheath flow” resulted in considerable interruption and
diffusion. These potential drawbacks could limit its further application to quantitative
analysis of low-abundance compounds of interest.
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Here we report a significantly improved novel pressure-assisted CE-MSI (PACE-MSI)
platform and the first successful quantitation of complex biological samples using CE-MSI.
Compared with previously reported platforms, PACE-MSI addresses the problems of severe
sample dilution and diffusion, peak splitting and low spatial resolution, and is able to
generate highly homogenous CE trace for MSI analysis with excellent reproducibility. By
integrating PACE and imaging, electrophoretic resolution is preserved which leads to
improved quantitation accuracy. Furthermore, the overlapped peaks from the complex
samples can be easily analyzed as separated colored regions on the MS images. These
features result in enhanced MS signal and a significantly increased number of peptides being
detected and accurately quantified from complex mixtures, highlighting the potential of the
PACE-MSI platform for comparative proteomics and peptidomics studies.

EXPERIMENTAL SECTION
Chemical and materials

Acetic acid, ammonium hydroxide, acetone, acetonitrile, methanol, ammonium bicarbonate
and urea were purchased from Fisher Scientific (Pittsburgh, PA). α-cyano-4-
hydroxycinnamic acid (CHCA), trifluoroacetic acid (TFA), formic acid (FA), iodoacetamide
(IAA) and bovine serum albumin (BSA) were from Sigma-Aldrich (St. Louis, MO).
Sequencing grade modified trypsin and D/L-dithiothreitol (DTT) were from Promega
(Madison, WI). Fused-silica capillary with 75 μm i.d. and 190 μm o.d. was purchased from
Polymicro Technologies (Phoenix, AZ). Millipore C18 Ziptip column was used for sample
cleaning, and all water used in this study was doubly distilled on a Millipore filtration
system (Bedford, MA).

Animal dissection and sample preparation
The blue crabs (Callinectes sapidus) were purchased from a local grocery store and kept in
an artificial seawater tank at 10–12 °C without food. The dissection procedure has been
previously described.37 Briefly, the crabs were anesthetized with ice for 15–30 min before
dissection. The pericardial organs (PO) were dissected in physiological saline, which
consisted of 440 mM NaCl, 11mM KCl, 26 mM MgCl2, 13 mM CaCl2, 11 mM Trizma
base, and 5 mM maleic acid in pH 7.45. The neuropeptides were extracted with cold
acidified methanol, which consisted of methanol, water and acetic acid in the ratio of 90:9:1.
Five POs were combined and homogenized in 50 μL acidified methanol in ice and
centrifuged at 16,100×g for 15 min prior to harvesting the supernatants. The extraction was
repeated for three times and the supernatants were then combined, dried and reconstituted
with 10 μL of 0.1% TFA. Tryptic peptides were also prepared by digesting BSA following a
previously reported procedure.38 Both the PO neuropeptide extracts and BSA tryptic
peptides were desalted by Ziptip C18 column before isotopic formaldehyde labeling.

In solution formaldehyde labeling
After desalting, samples were eluted with 5 μL of 50% acetonitrile in 0.1% TFA. Two
aliquots of 5 μL sample (BSA tryptic peptides or PO extract) with 1:1 or 1:10 concentration
ratio were pairwise labeled with formaldehyde-H2 and formaldehyde-D2, respectively.
Briefly, 1 μL of borane pyridine (C5H8BN, 120 mM in 10% methanol) was added to each
aliquot, followed by 1 μL of formaldehyde-H2 (4% in water, v/v) or 1 μL of formaldehyde-
D2 (4% in water, v/v). The vials were placed in 37 °C water bath for 15 min, followed by the
addition of 1 μL of 0.2 M ammonium bicarbonate to quench the reaction. The two aliquots
of the above labeled products were mixed, dried and reconstituted with 10 μL of CE buffer
before analysis.
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Fabrication and operation of PACE
A 65 cm long with 75 μm i.d./190 μm o.d. fused-silica capillary was used for PACE. In
order to enable sheathless connection to high voltage, cellulose acetate membrane-coated
porous joints were made 3 cm to the outlet ends of the capillary modified from our previous
designs.37–38 For the inlet end, a 0.6 mL plastic vial was filled with the same CE buffer with
positive electrode and capillary being inserted. It was raised 25 cm higher than the outlet end
to initiate siphoning as the driving force for CE flow collection. CE power was supplied by
TriSep-2100 HV power supplier from Unimicro Technologies (Pleasanton, CA). A high
voltage of 9 kV was applied and lasted for 6 s to load sample, while 10 kV was employed
for CE running. For regular offline PACE-fraction-MALDI MS, the CE flow was collected
on the MALDI plate every 1 min for 25 min. For PACE-MSI, CE flow was collected
through the PACE-MSI interface described below.

PACE-MSI interface
A commercially available ground stainless steel MALDI plate (Bruker Daltonics, Bremen,
German) was used. Matrix flow (10 mg/mL CHCA in 50% ACN/0.1%TFA) was delivered
with a 75 μm i.d./190 μm o.d. fused-silica capillary at 0.7 μL/min by using a syringe pump
(Pump 11 Elite, Harvard Apparatus, Holliston, Massachusetts). The CE flow and matrix
flow were mixed at the tips of two capillaries, which gently touched on the MALDI plate
surface (Figure 1 and Figure 2A). With the MALDI plate moving along x-axis at a speed of
4.5 mm/min, which equaled to the distance between two spots on the MALDI plate, a
straight and homogenous trace can be deposited on the plate surface. A lamp was used
during fraction collection to facilitate the co-crystallization of CE fraction and matrix and
reduce sample diffusion. A total of 23 minutes of CE fraction (from 2 min to 25 min after
electrophoresis was initiated) was collected on the MALDI plate, which generated exactly 1
minute fraction between two spots on the MALDI plate.

MALDI MS Imaging
The MS images of separated BSA tryptic peptides and blue crab PO extracts were acquired
with Autoflex III MALDI-TOF/TOF (Bruker Daltonics, Bremen, Germany) equipped with
200 Hz Smartbeam II laser. The positive reflectron mode was adopted with the following
parameters: ion source 1 voltage 19.00 kV, ion source 2 voltage 16.62 kV, reflector 1
voltage 20.90 kV, reflector 2 voltage 9.64 kV and lens voltage 8.70 kV. For control samples
by direct MALDI-TOF MS analysis, 500 shots were accumulated for each control spot. For
MS imaging, approximately 0.8 mm× 60 mm regions of the CE trace, including all separated
peptides, were selected. The step size for each pixel was set at 100 μm on the x-axis ×100
μm on the y-axis, and 200 shots were accumulated in a random mode for each pixel. The
results were processed with the FlexImaging software from Bruker Daltonics.

RESULTS AND DISCUSSION
Evaluation of the PACE interface

We previously designed two CE setups for offline coupling with MALDI MS, 15,35 but the
interface would either require negative mode with long separation time or need pressure
from sheath flow as driving force that could result in loss of sensitivity and interruption to
CE separation. Here, a new PACE setup is designed especially for coupling to MS imaging
with three key features: (1) Sheath-free features with a membrane-covered fracture near the
outlet end of the capillary, so that no sheath flow or liquid junction is needed as reported by
other groups23, 29–30, and a narrow CE trace can be generated directly on MALDI plate
without the need of spray or vacuum chamber30, 36. (2) Stable CE flow by employing
siphoning as part of the driving force. We previously reported that siphoning, initiated by a
pressure, can be used for precise control of the CE flow rate.15 It is estimated that a stable
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CE flow at approximately 500 nL/min can be achieved with a 25 cm height difference
between capillary inlet and outlet, which is suitable for direct mixing with matrix at a similar
flow rate. (3) Faster separation for trace-level peptides from complex samples compared to
our previous CE-MALDI interface design. CE flow rate is determined by a combination of
electroosmotic flow (EOF) and siphoning, which is controlled by adjusting voltage and
height difference. It has been demonstrated that by using 10 kV as CE voltage, separation
can be achieved when coupling to MSI with most neuropeptides being separated between 8–
20 min, in contrast to 50 min separation time in our previous report.15

We have coupled PACE to MALDI-TOF/TOF with discrete spot collection for evaluation of
the PACE system. BSA tryptic peptides and the blue crab PO extracts were firstly labeled
with isotopic formaldehyde in a ratio of 1:1 (formaldehyde-H2: formaldehyde-D2), and were
then loaded onto the CE capillary. Individual mass spectra collected from 13 to 17 min, with
tryptic peptides being effectively separated after PACE, were shown in Figure S1. It was
found that compared with the un-separated control sample by direct MALDI MS analysis,
PACE gave rise to much higher peak intensities and significantly enhanced signal-to-noise
ratios (S/N) in mass spectra, resulting in an increased number of peptides being detected. As
shown in Figure 3, by coupling PACE with MALDI MS, 43 BSA tryptic peptides and 111
putative peptides were detected, highlighting the capability of PACE system for complex
peptide mixtures in addition to the unique features for coupling with MSI.

Design and Evaluation of the PACE-MSI interface
When coupling CE with MSI, it is critical that the matrix and CE flow shall not interfere
with each other, and the CE trace on the MALDI plate surface should be continuous and
homogenous to achieve high separation resolution while minimizing diffusion. As shown in
Figure 2A, in the PACE-MSI system, CE flow and matrix flow were individually delivered
without interference, and they were mixed and collected on the surface of a ground stainless
steel MALDI plate directly without grooves. With a continuous and highly uniform trace,
1:1 isotopically labeled peptide peak pairs show identical intensities and distributions, which
enable accurate quantitative analysis (Figure 2B and 2C). We were able to set the step size
of MALDI imaging to as small as 50 μm ×50 μm, though 100 μm ×100 μm pixel sizes
were utilized to shorten experimental time. With the MALDI plate moving at 4.5 mm/min,
each pixel covers 1.3 seconds of CE fraction along x-axis. Thus for a 30–40 s wide CE peak,
which is commonly observed for peptides being separated from complex biological samples,
more than 20 pixels can be covered for each peak. For the y-axis, 5–6 rows of pixels can be
covered with track width at around 0.8 mm, which enables a comprehensive coverage of
spatial distribution of complex peptides.

The sensitivity of the PACE-MSI system was tested with peptide standards. Two standard
peptides (m/z 1046.54 DRVYIHPF and m/z 1533.86 PPPPPPPPPPPPPPR) were dissolved
in CE buffer at 125 fmol, and approximately 20 nL (2.5 fmol) was loaded for separation. As
shown in Figure S2, each peptide peak is covered by more than 100 imaging pixels, which
indicates that on average lower than 25 amol of peptide can be detected from each pixel.
Different from regular CE-MALDI coupling, current MSI software will only give imaging
signal without a “real” peak or electropherogram. However, the image positions accurately
reflect CE migration times and image intensities can be used for relative quantitation.

We also validated the reproducibility of the PACE-MSI interface by investigating the
migration time of representative peptides as reflected in MS images. Nine BSA tryptic
peptide peaks with representative migration times were selected from the mass spectra
generated by both regular PACE-fraction-MALDI MS and PACE-MSI analysis, and 4
repeating experiments were performed in 4 days for PACE-MSI with the same sample and
CE condition as used for regular PACE-fraction-MALDI MS analysis. As shown in Table
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S1, similar migration times among 4 repeating experiments were observed with RSDs
among 1.3%–3.5%, indicating good reproducibility of the PACE-MSI interface.

The PACE-MSI interface has been applied to the analysis of both BSA tryptic peptides and
neuropeptides extracted from the blue crab PO. As shown in Figure 3, a regular PACE-
MALDI MS with discrete spot collection greatly increased MS peak intensities and S/N
ratios especially for neuropeptides from complex samples compared with direct MALDI MS
analysis. However, PACE-MSI features continuous collection and results in the greatest
number of peptides being detected in both BSA tryptic digests and the blue crab PO extracts
compared with regular PACE-MALDI coupling. When tested with BSA tryptic peptides, on
average 45±2 peptides were detected with PACE-MSI, compared with 42±2 peptides being
identified from PACE-MALDI TOF/TOF through discrete fraction collection (n=3). Lists of
all BSA tryptic peptides and neuropeptides identified using the above methods can be found
in Table S2 and Table S3 in the supporting information. Although the current imaging
software can not provide peak information against migration time to generate
electropherogram, we have manually reconstructed an electropherogram by recording the
change of image intensities among pixels. As shown in Figure S3, the peaks of 10
representative neuropeptides from PO extracts have been simulated and reconstructed in an
electropherogram.

Evaluation of PACE-MSI for peptide quantitation
Formaldehyde labeling has been considered to be a highly efficient mass-difference
quantitation with fast reaction and low cost. 39 This technique labels samples with light
formaldehyde (FH2, +28.03 Da for each incorporated label) and heavy formaldehyde (FD2,
+32.05 Da for each incorporated label), generating a 4.02 Da mass difference between each
peak pair. Here we report the first use of CE-MS imaging to quantify trace-level analytes
from biological samples. Both BSA tryptic peptides and neuropeptides extracted from the
blue crab PO were labeled in 1:1 ratio of concentration (FH2:FD2), and combined for
PACE-MSI, PACE-MALDI MS with discrete spot collection and direct MALDI MS
analysis. Peak areas from MALDI-TOF/TOF were compared to the calculated FH2:FD2
ratios. For MS imaging, however, the FlexImaging software cannot provide peak
information such as intensity or area. Ratios were estimated by calculating peak areas as
triangles for the first three isotopic peaks. It has been found that in both cases for coupling to
MALDI MS via discrete spot collection and coupling to MSI, PACE enabled accurate
relative quantitation with less than 15% error compared to theoretical ratio of 1:1 when
applied to complex peptides with wide dynamic ranges. An example of BSA tryptic peptide
RHPEYAVSVLLR (m/z 1439.81), extracted from MS image signal, is shown in Figure
S4A. In addition to 1:1 labeling, we also tested 0.1:1 labeling, in which circumstances errors
were easily introduced to the system due to the addition of an extremely low amount of
light-labeled sample. Although 1:6.0 to 1:6.5 ratios were calculated from un-separated
controls, we have observed higher quantitation accuracy with light: heavy ratios ranging
from 1:7.0 to 1:8.5 with PACE due to the reduction of interferences. An example for peptide
RHPEYAVSVLLR (m/z 1439.81) is shown in Figures S4B and S4C. For 0.1:1 labeling
experiment, a region of interest (ROI, highlighted in Figure S4C) is selected covering
signals from both light (m/z 1467.8) and heavy (m/z 1471.8) labeled peaks. By measuring
averaged peak areas, a ratio of 1:7.3 is estimated, compared with 1:7.2 by PACE-MALDI
MS with discrete spot collection and 1:6.4 by direct MALDI MS analysis. Development of
imaging software is highly desirable for extending the current quantitative analysis by
PACE-MSI to even larger scale analysis.
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Analysis of trace-level analytes from complex samples with PACE-MSI
Compared with regular offline CE-fraction-MALDI MS, a unique feature of PACE-MSI is
the ability to convert mass spectral peaks to image signals, which enables data analysis
based on targeted mass or migration time for studying overlapped peaks in mass spectra of
complex samples. By selecting different imaging regions, separated peaks can be displayed
in individual mass spectra for qualitative and quantitative analysis when overlapping peaks
cannot be fully resolved by a mass spectrometer, reducing reliance on ultra-high resolution
mass analyzer for complex sample analysis. Alternatively, this improvement in separation of
overlapping peaks from complex mixtures could yield even greater peak capacity and
peptidome coverage when high resolution mass spectrometer is available.

Figure 4 shows how this feature can be utilized for the analysis of overlapped peaks from a
complex sample. With direct analysis of un-separated, isotopically labeled (in 1:1 ratio) blue
crab PO extract using MALDI-TOF/TOF, a peak pair with m/z around 1356.6/1360.6 was
observed in the mass spectrum (Figure 4A). This peak pair was considered as a neuropeptide
candidate based on the mass difference, but its S/N ratio was low and their labeled ratio was
higher than 1:1. With PACE-MSI, by selecting the mass range from m/z 1356.1 to m/z
1357.1, we were able to observe two separated imaging signal regions with different signal
intensities as shown in Figure 4B. By selecting each region, we were able to display the
mass spectrum for the selected region and observed two different peak pairs m/z
1356.62/1360.65 and m/z 1356.76/1364.79. The peak intensity for m/z 1356.76/1364.79 was
too low to be detected from un-separated control sample, and the overlapped light labeled
peaks caused the observed peak intensity ratio of m/z 1356.7/1360.7 being higher than
expected 1:1 ratio in the mass spectrum from direct analysis. However, with PACE-MSI we
were able to distinguish the two peak pairs with highly accurate quantitation at almost 1:1
ratios (ratios as shown in Figures 4C and 4D), which provides a promising tool for the
analysis of complex samples. Compared with regular offline CE-fraction-MALDI MS, no
manual inspection of all mass spectra is needed, and enhanced MS signal is observed with
PACE-MSI.

In addition to analyzing a single peak, it is more convenient to analyze peak clusters with
low S/N ratios using PACE-MSI compared to CE-MALDI MS with discrete spot collection.
As shown in Figure 5A, there are many low-intensity peaks with low S/N ratios in the mass
range from m/z 1310 to m/z 1340. We could roughly identify two peak pairs at m/z
1321.7/1325.7 and 1330.7/1334.7, but they had unusual isotopic distributions and their peak
intensity ratios deviated from the expected 1:1 ratio after labeling. Instead of searching mass
spectra from regular offline CE-MALDI MS, by scanning the mass range of 1310–1340
with 1 Da wide mass filter, we could readily observe 4 different colored regions which were
separated from background with PACE-MSI (Figures 5B–5E), including a B type
allatostatin neuropeptide (STNWSSLRSAWamide, m/z 1293.69, for peak pair
1321.7/1325.7 in Figure 5B), a CPRP family neuropeptide (RSAEGLGRMGRL, m/z
1302.68, for peak pair 1330.7/1334.7 in Figure 5E), an orcokinin family peptide
NFDEIDRSSFA (m/z 1300.58, for peak pair 1328.6/1332.6 in Figure 5C) and another
orcokinin DFDEIDRSSFA (m/z 1301.56, for peak pair 1329.6/1333.6 in Figure 5D).
Compared with regular CE-MALDI with discrete fraction collection, PACE-MSI makes it
possible to analyze complex samples based on either selected mass or migration time, thus
providing great benefits for peak identification and structure elucidation of analytes from
complex samples in addition to its capability for more accurate quantitation.

CONCLUSIONS
A newly established PACE-MSI platform has been applied for the first time to quantitative
analysis of complex trace-level peptide extract. By integrating CE with MS imaging,
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overlapped peaks in a single mass spectrum can be accurately quantified and visualized in
the images as separate regions, providing a novel method for analysis of complex analytes.
Compared with regular offline CE-MALDI MS using discrete fraction collection,
significantly enhanced MS signals and increased number of peptides have been observed for
the new PACE-MSI platform with the ability of analyzing complex samples based on
selected mass and migration time. These results demonstrate the potential of employing
PACE-MSI in proteomics and peptidomics analysis. Based on this initial development,
further optimizations of the system as well as new applications of PACE-MSI are currently
underway including integrating it to multi-dimensional separations and applying PACE-MSI
to the analysis of more complex samples beyond neuropeptides. Further improvements of
MS imaging software will greatly facilitate the large-scale data analysis including peak
identification and quantitation by this platform.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The setup of the pressure-assisted capillary electrophoresis coupled to mass
spectrometric imaging (PACE-MSI) interface
Matrix flow is controlled by a syringe pump and delivered at a flow rate of 700 nL/min. CE
flow rate is determined by the electroosmotic flow as well as height difference between
capillary inlet and outlet along y-axis. Matrix and CE fraction are mixed at the tips of two
capillaries, and collected immediately on the surface of the ground stainless steel MALDI
plate. The MALDI plate is controlled mechanically and moves along the x-axis to the
direction shown with arrow. A straight and uniform trace is deposited on the MALDI plate
and is further analyzed by MALDI MS imaging.
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Figure 2. The PACE-MSI interface and mixed trace on the MALDI sample plate
A: CE flow and matrix flow are delivered separately and mixed at the capillary tips on the
surface of a ground stainless steel MALDI plate. B and C: a 1:1 labeled peak pair at m/z
1356.6/1360.6 with identical peak intensities and migrations are observed in MS imaging
when coupled with PACE.
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Figure 3. Comparison of the number of peptides detected via MALDI MS by PACE-MSI,
regular CE and un-separated control sample
A: Number of BSA tryptic peptides detected in the mass range from m/z 500 to 2500. The
performance is shown as numbers of peptide detected and protein sequence coverage in the
parentheses. B: Number of putative neuropeptides from the blue crab PO detected in the
mass range from m/z 500 to 2500. The performance is shown as the number of peptides
detected and the number of peptides previously identified in parentheses.
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Figure 4. PACE-MSI analysis of peak pair M/Z 1356.6/1360.6 from complex neuropeptide
extracts of the blue crab PO
A: Mass spectrum of the blue crab PO extract by direct MALDI MS analysis. A zoom-in
inset showed peak pair m/z 1356.6/1360.6. B: Images of mass range m/z 1356.1–1357.1,
with two regions being highlighted with white boxes. The two regions were separated from
each other and exhibited significantly different signal intensities. C and D: Mass spectra
corresponding to each region. Two different peak pairs, including m/z 1356.6/1360.6 and m/
z 1356.7/1364.7, were detected from each region.
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Figure 5. PACE-MSI analysis of mass range M/Z 1320 to 1335 from complex neuropeptide
extracts from the blue crab PO
A: Mass spectrum of the blue crab PO extract by direct MALDI MS analysis. A zoom-in
inset showed mass range 1320–1335 with peak pairs at m/z 1321.7/1325.7 and m/z
1330.7/1334.7 which were difficult to differentiate. B–E: By scanning the MS images of
mass range m/z 1320 to 1335 with PACE-MSI, four neuropeptides as reflected in different
image regions were observed with their corresponding mass spectra shown. They were well-
separated with enhanced MS signals, and were accurately quantified with light: heavy
labeled peak ratios around 1:1.
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