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RATIONALE: 

Laser microdissection-liquid vortex capture/electrospray ionization mass spectrometry (LMD-LVC/ESI-

MS) has potential for on-line classification of tissue but an investigation into what analytical conditions 

provide best spectral differentiation has not been conducted.  The effects of solvent, ionization polarity, 

and spectral acquisition parameters on differentiation of mouse brain tissue regions are described. 

METHODS: 

Individual 40 × 40 µm microdissections from cortex, white, grey, granular, and nucleus regions of mouse 

brain tissue were analyzed using different capture/ESI solvents, in positive and negative ion mode ESI, 

using time-of-flight (TOF)-MS and sequential window acquisitions of all theoretical spectra (SWATH)-

MS (a permutation of tandem-MS), and combinations thereof.  Principal component analysis-linear 

discriminant analysis (PCA-LDA), applied to each mass spectral dataset, was used to determine the 

accuracy of differentiation of mouse brain tissue regions. 

RESULTS: 

Mass spectral differences associated with capture/ESI solvent composition manifested as altered 

relative distributions of ions rather than the presence or absence of unique ions.  In negative ion mode 

ESI, 80/20 (v/v) methanol/water yielded spectra with low signal/noise ratios relative to other solvents.  

PCA-LDA models acquired using 90/10 (v/v) methanol/chloroform differentiated tissue regions with 

100% accuracy while data collected using methanol misclassified some samples.  The combination of 

SWATH-MS and TOF-MS data improved differentiation accuracy. 

CONCLUSIONS: 

Combined TOF-MS and SWATH-MS data differentiated white, grey, granular, and nucleus mouse tissue 

regions with greater accuracy than when solely using TOF-MS data.  Using 90/10 (v/v) methanol/ 

chloroform tissue regions were perfectly differentiated.  These results will guide future studies  

looking to utilize the potential of LMD-LVC/ESI-MS for tissue and disease differentiation. 



Introduction 

Recent developments in ambient ionization mass spectrometry (MS) have enabled a wealth of 

new opportunities in the clinical environment.1-3  For example, the ability of ambient ionization MS 

techniques to chemically characterize tissues rapidly and with minimal sample preparation has sparked 

interest towards using these technologies to guide surgical decisions in the operating room with greater 

throughput and confidence than is currently achievable.1,2  While clinical applications utilizing ambient 

ionization MS techniques are still in their infancy, they have been increasingly used to explore biological 

tissue disease state identification and differentiation from normal ‘healthy’ tissue.  In particular, 

desorption electrospray ionization (DESI) has been at the forefront of this movement over the last 

decade.4-12  In most cases, emphasis has been placed on differentiating cancerous from healthy tissues.  

For instance, DESI mass spectral imaging has been used in combination with multivariate analyses to 

differentiate carcinomas in a variety of tissues, including prostate,13-15 liver,16,17 breast,18,19 brain,1,4,5,9,10,20 

and others.7,21-28  Several other ambient ionization MS techniques have similarly differentiated carcinomas 

from healthy tissue including probe-electrospray ionization (PESI)29-31, rapid evaporative ionization MS 

(REIMS),32,33 touch spray13,14, laser desorption/ionization,34,35 and others.36-38  For ambient ionization MS 

techniques to be successful in the clinical environment, they must be highly sensitive, be able to 

differentiate tissue types with high spatial, spectral, and quantitative accuracy, and be easy to use. 

Laser microdissection-liquid vortex capture electrospray ionization mass spectrometry (LMD-

LVC/ESI-MS) is a recently developed ambient ionization MS technique that combines the capabilities of 

LMD, microscopy, and MS through the use of a liquid-vortex capture probe for sample collection and 

transport to the ESI source.39-41  This technique has been shown to be highly sensitive relative to other 

ambient ionization MS techniques and it has enabled sub-micrometer spatial resolution MS imaging 

capabilities.39  Unique to the system is the ability to perform ‘cut and drop’ (CnD) sampling in which 

whole tissue microdissections are cut and dropped using the laser from the microdissection system 

directly into the LVC probe.40  This mode of sampling has several advantages, most notable of which is 

that it ensures 100% of sample material is captured into the LVC probe, a feature lacking in most 



ambient ionization techniques.  This feature makes it the most sensitive mode of operation for LMD-

LVC/ESI-MS.  The advantages of CnD sampling were demonstrated by quantifying propranolol present 

in hundreds of individual tissue microdissections from mouse brain, liver, and kidney tissue without any 

additional sample preparation or workup.41  Further, since the LMD-LVC/ESI-MS technique couples two 

commercially available systems (i.e. LMD microscope and mass spectrometer) and does not require any 

modification of those systems beyond the addition of the LVC probe, there is potential for broad 

integration of the technique by utilizing existing laboratory infrastructure. 

Outside the operating room, histopathology of formalin-fixed surgical biopsies is the standard 

method used for diagnosis of gliomas.  Inside the operating room, histopathology of fresh frozen 

tissue biopsies is most commonly used to provide surgical guidance, as results can be obtained from a 

single biopsy in ~20 min.2,42  However, the throughput of this process is low and diagnosis based solely 

on the pathologist can be susceptible to misclassification, most notably along the border of the 

carcinoma where differentiation of the disease state by optical microscopy becomes more ambiguous.  

The LMD-LVC/ESI-MS technique naturally synergizes with pathology-based approaches towards 

tissue diagnosis already used in the surgical environment, since a central component of the technique 

is optical microscopy.  In addition to conventional diagnosis by a pathologist, CnD sampling/analysis 

by LMD-LVC/ESI-MS could be used to chemically characterize precise regional selections of tissue in 

an ‘on-line’ manner providing supplementary detail and improved confidence to diagnoses.  In addition, 

the familiarity of LMD systems to clinicians and pathologists who routinely use optical microscopy 

for identification of tissue and the simplified integration with the mass spectrometer itself (i.e., no 

alignment needed between the LMD microscope and the mass spectrometer) make the LMD-LVC/

ESI-MS system relatively easy to use.  Hence, there is significant potential for integration of the 

LMD-LVC/ESI-MS technique into the clinical and surgical environment. 

While LMD-LVC/ESI-MS has promise for applications in clinical settings, the ability of the 

technique to differentiate tissue types and the instrumental parameters that best serve to facilitate that 

differentiation have not been explored as of yet.  To-date, on-line classification of several oils based on 



atmospheric pressure chemical ionization mass spectra acquired using the open port sampling 

interface, a technique which is based on the same fundamental liquid extraction principals as LMD-LVC/

ESI-MS, has been the only example of the differentiation capability of the technique.43,44  In DESI, 

observed lipid profiles have been shown to be highly dependent on the solvent condition and ionization 

polarity used.45,46  Mandal et al. investigated the effect of alcohol/water solvent mixtures on renal cell 

carcinoma lipid profiles measured using PESI and found that the addition of alcohol improved 

extraction of major lipids.30  Likewise, Zhang et al. explored the effects of water/alcohol mixtures on 

lipid profiles and selected water for use due to its biocompatibility with living tissue.36  While different 

lipid classes have been known to be observed between positive and negative ionization polarities, 

Jarmuch et al. recently showed that the combination of both ionization polarities with 

multivariate analysis improved the differentiation capabilities of DESI for distinguishing between 

normal and cancerous human brain tissue.46 

In this work, the effect of the LMD-LVC/ESI-MS capture/ESI solvent composition, ionization 

polarity, and MS-scan conditions were investigated in terms of the ions observed, spectral signal/noise, 

and differentiation capability of mass spectra acquired using CnD sampling from small 40 × 40 µm 

microdissections of mouse brain tissue.  Since the LMD-LVC/ESI-MS technique relies upon solvent to 

extract analytes from the dissected tissue during transport to the ionization source, solvent conditions are 

expected to have a major impact on the nature of mass spectra and the ability to differentiate between 

regions of tissue.  Likewise, ESI polarity directly affects which classes of compounds are ionized and the 

overall informational content found in the mass spectra.  Thus, the choice of ESI polarity may yield 

different degrees of differentiation capability.  Lastly, the combination of several sequential window 

acquisitions of all theoretical spectra (SWATH)-MS47 data in addition to time-of-flight (TOF)-MS data 

from the same tissue microdissection was investigated to determine whether the coupling of spectral 

acquisitions can improve the ability of the LMD-LVC/ESI-MS system to differentiate mouse brain tissue 

regions with high confidence.  SWATH acquisitions are a permutation of tandem MS where ions in a wide 

m/z range are simultaneously fragmented via collision-induced dissociation.  Thus, a single spectrum will 

collect TOF-MS data in a limited m/z range and product ion data for another m/z range.  A valuable 



advantage of SWATH in these experiments is the rapid simultaneous acquisition of product ion data 

during the narrow time widow available for analysis from a single microdissection (~1-2 s).  The results 

reported here serve as the foundation for future studies using LMD-LVC/ESI-MS to differentiate diseased 

and healthy tissue. 

Experimental 

Chemicals and Materials 

LC-MS CHROMASOLV® 100/0.1 (v/v) methanol/formic acid, methanol, ammonium acetate, 

chloroform, and water were purchased from Sigma-Aldrich (St. Louis, MO, USA).  All animals used in this 

study were handled in accordance with the Guide for the Care and Use of Laboratory Animals48 and provided 

by the Maastricht University Medical Center, Maastricht, The Netherlands (MUMC+).  Mouse brain tissues 

were cryo-sectioned (Microtome cryostat; Thermo Scientific, Braunschweig, Germany) into 10-μm-thick 

tissue sections and subsequently thaw-mounted on 2.0 µm polyethylene naphthalate (PEN) membrane glass 

slides (#11505158; Leica Microsystems, Wetzel, Germany) and were stored at -80 °C prior to analysis by MS.  

Before analysis tissues were thawed at room temperature in a desiccator for 30 min. 

LMD-LVC/ESI-MS 

The LMD-LVC/ESI-MS system has been described in detail in previous publications.39-41  Briefly, the 

system comprises a SCIEX Triple TOF® 5600+ mass spectrometer (Sciex, Concord, Ontario, Canada) 

coupled to a Leica LMD7000 system (Leica Microsystems) via a low-profile LVC probe.  The UV laser 

(349 nm, 5 kHz maximum repetition rate, and 120 µJ maximum pulse energy) in the LMD7000 system 

was used for cutting whole tissue microdissections via the CnD sampling method.40  This sampling 

method is fundamentally similar to the laser pressure “catapulting”49,50 technique described in LMD 

literature except that the tissue microdissections are captured into the solvent of the LVC probe rather than 

a capture cap.  Once in the solvent, analytes are extracted from the tissue and dissolved during



transport to the ionization source of the mass spectrometer.  The concept for laser CnD sampling for 

tissues is illustrated in Figure 1(A).  First, the outline of a square shaped 20 × 20, 40 × 40, or 80 × 80 µm 

area of tissue is laser ablated, creating an independent tissue microdissection.  The microdissection 

remains suspended on the sample slide by static forces and adhesion to the glass substrate.  A short laser 

pulse aimed at the center of the microdissection ejects it away from the glass backing and gravity brings 

the microdissection down towards the LVC probe where it is captured into the solvent.  The solvent 

extracts analytes from the microdissection while transporting it to the ionization source of the 

mass spectrometer.  Specific LMD laser settings used in the LMD7000 software (version 7.5.1) for 

cutting and ejecting tissue microdissections were power = 30, attenuation = 10, head current = 

100, and pulse frequency = 5000 Hz with the 20X objective. 

The LVC probe consists of a co-axial tube arrangement with a 1.12/1.62 mm (i.d./o.d.) outer 

stainless-steel probe and a 0.178/0.794 mm (i.d./o.d.) inner PEEK capillary.  The probe was located 1 mm 

below the sample surface.  Detrimental airflows near the probe were minimized by covering the 

LMD7000 with a plastic sheet and by attaching a sheath made of heat shrink tubing to the LVC probe that 

extended 1.1 mm above the top of the probe (~0.1 mm from the sample surface).  The solvent flow rate 

was optimized to achieve a stable liquid vortex for each solvent and ionization condition.  Flow rates 

used for each solvent condition are provided in Table S1 (Supporting Information). 

The mass spectrometer was configured to acquire TOF mass spectra (mass/charge (m/z) 600-

1000) along with SWATH-MS scans.47  Three different SWATH-MS acquisition scan windows were used 

in this study:  SWATH-1 = m/z 700-775, SWATH-2 = m/z 775-850, and SWATH-3 = m/z 850-925.  A 

rolling collision energy from 20-50 eV with a m/z 100-1000 product ion window was set for each SWATH 

acquisition.  A 0.25 s scan time, 100 V declustering potential, 300 °C turbo heater temperature, and GS1 = 

90 and GS2 = 60 N2 nebulizer gas settings were held constant across all experiments. 

Principal Component Analysis-Linear Discriminant Analysis (PCA-LDA) 

PCA-LDA analysis was conducted using MATLAB® (Mathworks, Natick, MA, USA).  Spectra 



were normalized and binned into 0.01 m/z segments resulting in 40,000 data points per TOF mass 

spectrum and 90,000 points for every SWATH® spectrum.  Spectra were mass corrected based on a series 

of identified ions from known molecules present in each spectrum.  A ‘combined’ spectrum comprised of 

appended TOF, SWATH-1, SWATH-2, and SWATH-3 mass spectra (310,000 points) was used to 

investigate if SWATH acquisitions would improve model accuracies.  A subset of data for each solvent 

condition tested was reserved for determination of optimal PCA-LDA spectral inputs and component 

selection.  Cross-validation of each model permutation was calculated using the ‘leave-one-out’ cross-

validation method.  For simplicity and practicality, only combinations of the top 5 principal components 

were explored for model generation.  Once the optimal PCA-LDA model was selected, the remaining test 

data was used to determine the model apportionment accuracy for 100/0.1 (v/v) methanol/formic acid, 

90/10 (v/v) methanol/chloroform, 100% methanol + 10mM ammonium acetate, and 90/10 (v/v) 

methanol/chloroform + 10mM ammonium acetate solvent conditions. 

Results 

Effects of capture solvent and ESI polarity on ions observed in TOF and SWATH spectral acquisitions 

LVC capture solvent and ESI polarity are hypothesized to greatly affect the number and classes of 

ions present in mass spectra which in turn will affect the differentiating capabilities of the LMD-

LVC/ESI-MS system.  Cortex, white matter, grey matter, granular matter, and nucleus mouse brain tissue 

regions were identified by a pathologist using adjacent H&E stained tissue sections (Figure 1(B)).  Small 

40 × 40 µm microdissections were sampled from each tissue region (Figure 1(A)) using CnD sampling 

with 80/20/0.1 (v/v/v) methanol/water/formic acid, 100/0.1 (v/v) methanol/formic acid, or 90/10 (v/v) 

methanol/chloroform as the capture/ESI solvent.  Average TOF mass spectra for each tissue region and 

solvent condition are shown in Figure 2.  Given the small volume of the tissue microdissections (1.6·10-5 

mm3), the signal/noise ratio (S/N) of mass spectra was rather high especially when using 100/0.1 (v/v) 

methanol/formic acid (maximum S/N = 188, 223, and 1429 for cortex tissue using 80/20/0.1 (v/v/v) 



methanol/water/formic acid, 90/10 (v/v) methanol/chloroform, or 100/0.1 (v/v) methanol/formic acid, 

respectively).  The relative distributions of characteristic ions in TOF-MS spectra from cortex tissue 

were virtually identical across microdissections 20 × 20, 40 × 40, and 80 × 80 µm in size sampled while 

using 90/10 (v/v) methanol/chloroform (Figure S1, Supporting Information).  Assuming that the lipids 

present in this tissue type are homogeneously distributed, this data demonstrates that little material needs 

to be sampled to obtain characteristic markers.  This finding was true for all tissue types and solvent 

conditions investigated. 

The ions in the positive ion mass spectra correspond primarily to the protonated molecules, [M + 

H]+ ions, of glycerophosphochloline (PC) and glycerophosphoethanolamine (PE) lipids between m/z 700 

and 900. A list of identified lipids and ions (>10% relative intensity) for each tissue region and solvent 

condition is provided in Table S2 (Supporting Information).  Identifications were based on observed 

m/z values, SWATH acquisitions, separate tandem-MS experiments (data not shown), and literature 

publications.29,51-55  For example, PC lipids were identified based on the characteristic product ion in 

tandem-MS experiments at m/z 184 corresponding to the choline headgroup [C5H14NPO4 + H]+ and PE 

lipids were identified by the neutral loss of the ethanolaminephosphate headgroup (loss of 141 Da).54-56 

The major observable lipids were PC(32:0)/PE(35:0), PC(34:1)/PE(37:1), PC(34:0)/PE(37:0), 

PC(36:1), PC(38:6), PC(38:4), and PC(40:6) wi th  [M +  H] +  i ons  at m/z 734.54, 760.55, 762.56, 

788.58, 806.53, 810.64, and 834.56, respectively.  In the few cases having both PC and PE 

identifications, e.g., m/z 734.54 (PC(32:0)/PE(35:0)), product ions indicating the presence of both 

lipids were observed using tandem-MS.  It is likely that the PC lipid was present at a much higher 

relative concentration than the PE lipid based on the intensity of the choline headgroup product ion in 

these situations, and this may also explain why they were not fully resolved in the TOF-MS spectra.  

PC(32:0)/PE(35:0) and PC(34:0)/PE(37:0) were greater in intensity in cortex, granular, and grey matter 

tissue types while PC(36:1) was present in greater intensity in nucleus and white matter tissue.  

PC(40:6) was located primarily in granular and grey matter tissue types.  A number of ions having m/z 



between 800.61-851.64 (e.g., PC(38:4) and PC(40:6) at m/z 810.64 and 834.56, respectively) were 

enhanced when sampling from white matter using 100/0.1 (v/v) methanol/formic acid and 90/10 (v/v) 

methanol/chloroform solvents as compared to 80/20/0.1 (v/v/v) methanol/water/formic acid .  A similar 

trend was observed for nucleus tissue, but only when using 90/10 (v/v) methanol/chloroform.  Combined 

SWATH spectra, acquired simultaneously with TOF-MS spectra (Figure S2, Supporting Information), 

were dominated by the choline headgroup, m/z 184.12, for every tissue region and solvent condition.52-55  

Most other product ions observed in SWATH data, e.g., m/z 630.71, can be attributed to the neutral loss of 

the ethanolaminephosphate headgroup.  Overall when using positive ion mode ESI, spectral 

heterogeneity between tissue regions and capture/ESI solvents was mainly caused by changes in the 

relative ratio of the major lipid ions present in all the spectra rather than the arrival of completely 

unique signatures. 

Negative ion mode ESI-MS mass spectra, in contrast to positive ion mode, had a more diverse 

array of lipid species and exhibited greater spectral heterogeneity between tissue regions and solvent 

conditions.  TOF-MS spectra for different solvent conditions and tissue regions collected in negative ion 

ESI mode are shown in Figure 3 and their identifications are given in Table S3 (Supporting 

Information).  Spectra obtained for cortex tissue when using 80/20 (v/v) methanol/water + 10 mM 

ammonium acetate exhibited notably weaker spectra (maximum S/N = 36) than when using 90/10 (v/v) 

methanol/chloroform + 10 mM ammonium acetate or 100% methanol + 10 mM ammonium acetate 

(maximum S/N = 130 and 160, respectively).  Ions present at m/z 768.53 (PE(38:3)), 792.56 

(PC(16:0)/(16:0)), 818.56 (PC(16:0)/(18:1)), 834.52 (PS(40:6)), 846.61 (PS(40:0)), 862.64 (ST(22:0)), 

and 885.53 (PI(38:4)) were identified as a combination of PE, PC, glycerophosphoserines (PS), 

glycerophosphoinositols (PI), and sulfatide (ST) lipids based upon SWATH spectra (Figure S3, 

Supporting Information), previous literature reports,46,51,55,57,58 and separate tandem-MS data (data not 

shown).  These lipids were observed in their deprotonated form, [M - H]-, though notable exceptions 

to this were the acetate (Ac) adducts [M + Ac]- of the PC lipids, (PC(16:0)/(16:0) and PC(16:0)/

(18:1), at m/z 792.56 and 818.56, respectively. The product ions observed in SWATH spectra were 



predominantly fatty acid (FA) anions, e.g., m/z 255.23 (FA(16:0)), 281.25 (FA(18:1)), 303.23 

(FA(20:4)), and 327.23 (FA(22:6)).  The spectra obtained with 100% methanol + 10 mM 

ammonium acetate were largely similar to those with 90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate with a few notable exceptions, especially evident when comparing grey matter 

tissue.  The acetate adducts of PC lipids at m/z 792.56 (PC(16:0)/(16:0)) and 818.56 (PC(16:0)/(18:1)) 

dominated the mass spectrum of grey matter when using 100% methanol + 10 mM ammonium acetate, 

while m/z 834.52 (PS(40:6)) and 885.53 (PI(38:4)) were much greater in relative intensity when 

using 90/10 (v/v) methanol/chloroform + 10 mM ammonium acetate.  The SWATH spectra were 

similar across all solvent conditions and tissue regions, differing mostly in relative intensity.  In TOF-MS 

data, grey matter could be spectrally differentiated from white matter and nucleus tissue regions by ions 

m/z 834.52 (PS(40:6)) and 885.53 (PI(38:4)) present in grey matter and ions m/z 888.60, 890.62, and 

906.63 corresponding to ST(24:1), ST(24:0), and ST(h24:0), respectively, present in white matter and 

nucleus tissue.  These differences have also been observed in other studies.29,46  Granular matter and 

cortex tissue had spectral features present in white matter, grey matter, and nucleus tissue types.  

PCA-LDA Differentiation of Tissue Types 

One of the objectives of this work was to determine which solvent condition, ionization polarity, 

spectral acquisition method, and combinations thereof, facilitate the best statistical differentiation of 

mouse brain tissue regions.  Spectra acquired with the LMD-LVC/ESI-MS system using 90/10 (v/

v) methanol/chloroform, 100/0.1 (v/v) methanol/formic acid, 90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate, and 100% methanol + 10 mM ammonium acetate were selected for investigation of 

their spectral differentiation capabilities by PCA-LDA.  The data obtained using 80/20 (v/v) methanol/

water had significantly weaker signals in the negative ion mode and had very few if any uniquely 

identifying peaks and thus was not tested for PCA-LDA classification.  A total of 61 microdissections, 

40 × 40 µm in size, taken from four different tissue regions, viz., white matter, grey matter, granular, and 

nucleus tissue regions (15-16 samples in each region), were analyzed using 90/10 (v/v) 



methanol/chloroform, 100/0.1 (v/v) methanol/formic acid, 90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate, and 100% methanol + 10 mM ammonium acetate resulting in a total of 244 

microdissections measured.  For each solvent tested, the data was split into training and test 

datasets (comprising 30 and 31 randomly selected microdissections, respectively).  The training data was 

used to compare the accuracies of identification between each spectral acquisition type, while the test 

dataset was used to compare accuracies of identification between capture/ESI-solvents using the 

acquisition type identified with the training data. 

The leave-one-out cross-validation of the PCA-LDA accuracies for PCA models using the top 

2 and 3 principal components of the training dataset is summarized in Table 1.  PCA-LDA models were 

created using TOF-MS and combined TOF-MS and SWATH-MS spectra.  Other combinations 

utilizing permutations of the top 5 principal components were explored, but resulted in similar to or 

worse accuracies than those presented in Table 1 (data not shown).  For every solvent condition the 

combined TOF-MS and SWATH-MS spectra had equal to or greater accuracy than when solely using 

TOF-MS data.  Most notably, the combination of TOF-MS and SWATH-MS improved accuracies 

when using 100/0.1 (v/v) methanol/formic acid and 100% methanol + 10 mM ammonium acetate by 

13% relative to when using only TOF-MS data.  In addition, the identification accuracies for PCA-LDA 

models using the top 3 principal components were near 100% for every solvent condition when using 

both TOF-MS and SWATH-MS data.  Based on these findings, combined TOF-MS and SWATH-

MS data was used for subsequent analysis.  

PCA-LDA models can be constructed using any permutation of any number of available principal 

components.  For comparison of capture/ESI solvent effects on tissue region classification, only the first 

three principal components were used herein for the following reasons.  First, the variance in mass 

spectra captured by each individual principal component beyond the third was <5%.  A plot showing the 

steep drop-off in percentage spectral variance captured by each principal component beyond the 

third is shown for each solvent condition using combined TOF-MS and SWATH-MS data in Figure 

S4 (Supporting Information).  Secondly, leave-one-out cross-validation of all PCA-LDA model 



permutations using the first 5 principal components resulted in the same accuracy of identification as 

when using the first 3 principal components.  Thus, based on developing the simplest model with best 

accuracy only the top 3 components are needed.  Lastly, leave-one-out cross-validation accuracies using 

the first 3 principal components resulted in near perfect accuracies for each solvent condition suggesting 

that the inclusion of additional components would be superfluous. 

The resulting PCA-LDA models made using the training dataset for each solvent condition are 

shown in Figure 4. Three-dimensional (3D) moving visualizations of each PCA-LDA model in Figure 

4 are provided in Movies S1-4 (Supporting Information).  The accuracies of each PCA-LDA model 

and the total variance covered by the model are summarized in Table 2.  All the models fared well with 

only three misidentified tissue components out of 124 total validation samples.  The incorrectly 

classified points were when using 100/0.1 (v/v) methanol/formic acid (1 incorrectly identified) and 

100% methanol + 10 mM ammonium acetate (2 incorrectly identified) solvent conditions.  Both 

90/10 (v/v) methanol/chloroform and 90/10 (v/v) methanol/chloroform + 10 mM ammonium acetate 

PCA-LDA models were able to identify tissue regions from the test dataset without any 

misclassifications.  To further verify the model, an additional 62 microdissections (15-16 areas 

sampled from each tissue region) were acquired using 90/10 (v/v) methanol/chloroform in positive ion 

mode and were classified without error.  Thus, these results indicate that 90/10 (v/v) methanol/

chloroform in positive or negative ion mode should be used in future studies. 

Conclusion 

We have demonstrated the capability of the LMD-LVC/ESI-MS system for the differentiation of 

white, grey, granular, and nucleus mouse brain tissue matter using PCA-LDA of small 40 × 40 µm tissue 

microdissections. Hundreds of individual microdissections were analyzed on-line without clogging or 

maintenance of the LVC probe being required. While there was spectral heterogeneity between tissue 

regions, in general, mass spectral differences between solvent conditions for a given ESI polarity and 



tissue region were mostly evident by changes to the relative distribution of ions rather than the arrival 

of completely unique features. Of the solvent and ionization conditions explored, 80/20 (v/v) 

methanol/water fared the worst, yielding spectra containing only a few uniquely identifying ions that 

were of lower S/N than those from other solvent compositions. In comparison, 90/10 (v/

v) chloroform/methanol and 100% methanol in either positive or negative ion ESI mode yielded TOF-

MS and SWATH-MS spectra with greater intensity and more discriminating spectral features.   

The combination of TOF-MS and SWATH-MS acquisitions improved accuracies of PCA-LDA 

model tissue region identification compared with when using solely TOF-MS data. Since TOF-MS and 

SWATH-MS acquisitions can both be collected from the same signal transient of an individual 

tissue microdissection (1-2 s), there is little reason not to implement both acquisitions in future studies. 

While SWATH spectra were dominated by PC headgroup ions in the positive ion mode, the 

identification of simultaneously measured PS, PE, PC, and PI product ions in the negative ion mode 

serves as an example of the differentiating power that SWATH mass spectra can provide in addition to 

TOF-MS. PCA-LDA cross-validation results indicated that a 3-component PDA-LDA model using 

combined TOF and SWATH mass spectra would most accurately classify the different tissue regions 

sampled. A PCA-LDA model made using 90/10 (v/v) methanol/chloroform in either positive or negative 

ESI mode was best able to classify tissue regions, with no incorrect classifications of 31 and 93 test 

samples, respectively. In comparison, methanol solvent conditions in positive and negative ion mode 

resulted in 1 and 2 misclassifications, respectively, out of 31 test samples. Thus, in future studies of brain 

tissue it is recommended that the 90/10 (v/v) methanol/chloroform solvent system be used to facilitate 

classification. 
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Table Captions: 

Table 1: PCA-LDA model accuracy determined using leave-one-out cross-validation of the training 

dataset (30 samples for each solvent) when using the top 2 and top 3 principal components. 

Table 2: PCA-LDA model accuracy using the top 3 principal components and combined TOF-MS and 

SWATH-MS spectra acquired for each solvent condition.  Training samples were used to generate the 

PCA-LDA model while test samples were used for model validation. 

Figure Captions: 

Figure 1: (A) Cartoon of the laser ‘cut and drop’ sampling procedure.  (B) Selected regions of mouse 

brain tissue under investigation in this study. 

Figure 2: Positive ion mode ESI-TOF mass spectra from 40 × 40 µm tissue sections acquired from the 

different tissue regions and solvent conditions indicated in the figure.  Major ions are annotated 

and identification of the ions by tandem MS are compiled in Table S2 (Supporting 

Information).  

Figure 3: Negative ion mode ESI-TOF mass spectra from 40 × 40 µm tissue sections acquired from the 

different tissue regions and solvent conditions indicated in the figure.  Major ions are annotated 

and identification of the ions by tandem MS are compiled in Table S3 (Supporting 

Information). 

Figure 4: Three component PCA models of combined TOF and SWATH mass spectra for (A) 90/10 

(v/v) methanol/chloroform positive ion mode ESI, (B) 90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate negative ion mode ESI, (C) 100/0.1 (v/v) methanol/formic acid positive ion mode 

ESI, and (D) 100% methanol + 10 mM ammonium acetate negative mode ESI.  Open circles represent 

the training samples used to generate the PCA-LDA model.  Filled circles and asterisks represent 

correctly and incorrectly classified test samples, respectively. 



 

 

 Components 1+2 Components 1+2+3 

Solvent TOF-MS Combined 
TOF+SWATH-MS TOF-MS Combined 

TOF+SWATH-MS 
90/10 (v/v) methanol/chloroform 97% 97% 97% 97% 

90/10 (v/v) methanol/chloroform + 10 
mM ammonium acetate 83% 97% 90% 97% 

100/0.1 (v/v) methanol/formic acid 87% 100% 87% 100% 
100% methanol + 10 mM ammonium 

acetate 80% 93% 87% 100% 

 
Table 1: PCA-LDA model accuracy determined using leave-one-out cross-validation of the training 

dataset (30 samples for each solvent) using the top 2 and top 3 principal components. 

  



 
Solvent Accuracy (%) Training Samples Test Samples 

90/10 (v/v) methanol/chloroform 100% 30 31+62 
90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate 100% 30 31 

100/0.1 (v/v) methanol/formic acid 97% 30 31 
100% methanol + 10 mM ammonium acetate 94% 30 31 

 
Table 2: PCA-LDA model accuracy using the top 3 principal components and combined TOF-MS and 

SWATH-MS spectra acquired for each solvent condition.  Training samples were used to generate the 

PCA-LDA model while test samples were used for model validation. 

  



 

 
 

Figure 1: (A) Cartoon of the laser ‘cut and drop’ sampling procedure.  (B) Selected regions of mouse 

brain tissue under investigation in this study. 

  



Figure 2: Positive ion mode ESI-TOF mass spectra from 40 × 40 µm tissue sections acquired from the 

different tissue regions and solvent conditions indicated in the figure.  Major ions are annotated 

and identification of the ions by tandem MS are compiled in Table S2 (Supporting 

Information).  



Figure 3: Negative ion mode ESI-TOF mass spectra from 40 × 40 µm tissue sections acquired from the 

different tissue regions and solvent conditions indicated in the figure.  Major ions are annotated 

and identification of the ions by tandem MS are compiled in Table S3 (Supporting 

Information). 



 
 

Figure 4: Three component PCA models of combined TOF and SWATH mass spectra for (A) 90/10 

(v/v) methanol/chloroform positive ion mode ESI, (B) 90/10 (v/v) methanol/chloroform + 10 mM 

ammonium acetate negative ion mode ESI, (C) 100/0.1 (v/v) methanol/formic acid positive ion mode 

ESI, and (D) 100% methanol + 10 mM ammonium acetate negative mode ESI.  Open circles represent 

the training samples used to generate the PCA-LDA model.  Filled circles and asterisks represent 

correctly and incorrectly classified test samples, respectively. 

 




